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Six compounds with formula SroFe; ¢Mg 1Os+y (M = Mn, Cr, Co; y = 0, 0.5) were synthesized in air
and argon, exhibiting surprisingly different properties depending on the B-cation type in spite of the
low (5%) doping level. All argon synthesized phases, y ~ 0, have long range brownmillerite ordering of
oxygen vacancies with Icmmm symmetry as shown by neutron diffraction (ND). All show long-range
G-type antiferromagnetic order with Néel temperatures, Ty, from variable temperature ND of 649(3)
K, 636(2)K and 668(5)K for Cr, Mn and Co-compounds, respectively, compared with Sr,Fe,Os, Ty =
693 K. Competing ferromagnetic interactions may be responsible for the anomalously low value in the
M = Mn case. The air synthesized phases with y ~ 0.5 show surprising variation with M as investigated
by X-ray, TOF and constant wavelength neutron diffractions. The M = Co compound is isostructural
with SryFe 01, (SrpFesOs5), Cmmm, while the M = Cr phase is cubic, Pm-3m, and that for M = Mn
appears to be cubic but the reflections are systematically broadened in a manner which suggests a local
Cmmm structure. NPDF studies show that the local structure of the Cr phase is better described in
terms of a Cmmm ordering of oxygen vacancies with Fe-O coordination numbers of five and six. The
M = Co material shows C-type antiferromagnetic long-range magnetic order at 4 K as found for
SryFe 0q;. Ty ~ 230 K is inferred from a ZFC-FC magnetic susceptibility divergence compared with
Tn = 232 K for un-doped SryFe O;;. The M = Cr and Mn compounds show no long-range magnetic
ordering down to 4 K, but the divergence of ZFC and FC susceptibility data indicative of spin glass-like
transitions occur at ~60 K and ~45 K for Cr and Mn, respectively. ND shows both diffuse and
sharp Bragg magnetic reflections at positions consistent with a Cmmm cell for the M = Mn phase.
For the M = Cr material, a very weak magnetic Bragg peak indexed as (1/2 1/2 1/2), consistent with
a G-type AF order, is found at 4 K. These results rule out a spin glass-like ground state for both
materials.

Introduction perovskites is ABO3, where A is a large cation, usually from the
alkali earth or rare earth groups, residing in the interstitial spaces
between corner sharing BOg octahedra that form a three
dimensional network. It is possible to synthesize compounds that
have lower oxygen content, i.e., with oxygen vacancies but which
retain the perovskite structure. These oxygen vacancies may be
distributed randomly throughout the structure, or they may
order. One of the commonly observed ordered systems is called
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Fig. 1 A comparison between the perovskite and brownmillerite struc-
tures. The oxygen vacancies order to form alternating layers of octahedra
and tetrahedra. Note the difference between the unit cell sizes. The
relationship between the two is: a, = \/Zap, by = 4a,, cy= \/iap.

stabilizes the high temperature cubic phase even at room
temperature.” Also, for La,Sr,_,CoyFe,_,O; _ 5, substitution of
Cr® and Mg®" on the B-site improves chemical and thermal
stability of the system.® B-site cation doping is also used to
explore possible cathodes for solid-oxide fuel cells.** The oxygen
deficient perovskite, SroFe,Os.y, can adopt femm, Cmmm, or
H4/mmm  structures depending on the value of y.* When
y ~ 0 a brownmillerite structure, described in Iermm with intact
but disordered tetrahedral chains is found. For higher values,
y ~0.5and y ~ 0.75, structures described in Crmmm and I4/mmm
are obtained, respectively, which involve ordered oxygen
vacancies resulting in local square pyramidal and octahedral
coordination of the iron atoms. The compositions of these
oxidized phases are often written SryFe O (y ~ 0.5) and
SrgFegOy; (y ~ 0.75). The oxygen deficiency can be completely
removed by annealing in pure oxygen, which results in a cubic
perovskite structure, Pm-3m.%

In this article, the remarkable changes in properties of
Sr,Fe,0s., upon substitution of only 5% Fe by Cr, Mn, and Co
are investigated. Six compounds, with formula Sr,Fe; Mg ;Os.y
(M = Mn, Cr, Co) were synthesized in both argon and air and
studied by powder X-ray, constant wavelength and time-of-flight

Table 1 The powder neutron refinement results at 300 K, for Sr,Fe; 9¢Crg 105 synthesized in argon

A= 1.331 and A = 2.373, simultaneous refinement

Ibm?2 a = 5.6556(4), b = 15. 6232(11) ¢ =5.5320(4), R, = 0. 0576 Ry, = 0.0771 i

x Occupancy Uso (A?)
Srl 0.5121(10) 0 10994(25) —0.0062(34) 1 0.0173(11)
Fel 0.0629(11) 0.25 0.010(4) 1 0.0353(18)
Fe2 0 0 0 0.9 0.0177(13)
Crl 0 0 0 0.1 0.0177(13)
(0] 0.2415(24) 0.0074(4) 0.249(5) 1 0.0133(13)
02 —0.0472(11) 0.13951(35) —0.011(4) 1 0.0241(17)
03 0.3544(22) 0.25 0.860(4) 1 0.0307(31)
Temm a = 5.6555(4), b = 15. 6232(10) ¢ = 5.53172(34), R, = 0. 0507 Ry, = 0.0684 )

X Occupancy Uiso (A?)
Srl 0.5111(8) 0 60984(19) 0.0178(9)
Fel 0.5632(8) 0.25 0.4580(13) 0.5 0.0155(17)
Fe2 0 0 0 0.9 0.0163(10)
Crl 0 0 0 0.1 0.0163(10)
Ol 0.25 0.99254(34) 0.25 1 0.0150(10)
02 0.0480(9) 0.13976(29) 0 1 0.0256(13)
03 0.6432(17) 0.25 0.1339(18) 0.5 0.0226(24)
Time of flight neutron diffraction
Tbm?2 a=5.65913(15), b = 15. 6028(4) ¢ = 5.52717(14), R, = 0. 0314 Ry = 0.0446 )

Occupancy Usso (A?)
Srl O 51184(26) 0 10959(7) —0.0014(7) 0.00837(21)
Fel 0.06556(29) 0.25 0.0328(6) 1 0.0165(4)
Fe2 0 0 0 0.932(10) 0.0109(4)
Crl 0 0 0 0.068(10) 0.0109(4)
()1 0.2504(9) 0.00793(11) 0.2482(10) 1 0.00718(24)
02 —0.04829(27) 0.14005(11) —0.0019(9) 1 0.01586(33)
03 0.3556(6) 0.25 0.8715(9) 1 0.0168(6)
Iemm a = 5.65898(14), b = 15. 6024(4) c=552714(14), R, = 0. 0303 R, = 0.0420 .
Occupancy Usso (A?)

Srl 0 51093(24) 0 60957(6) 0 0.01144(21)
Fel 0.56679(25) 0.25 0.45955(30) 0.5 0.01068(33)
Fe2 0 0 0 0.934(9) 0.01243(35)
Crl 0 0 0 0.066(9) 0.01243(35)
0Ol 0.25 0.99266(11) 0.25 1 0.01124(25)
02 0.04871(25) 0.14033(10) 0 1 0.01877(32)
03 0.6423(5) 0.25 0.1280(6) 0.5 0.0127(5)
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Table 2 The powder neutron refinement results at 300 K, for SryFe; ¢Mny ;Os synthesized in argon.

A= 1.331 and A = 2.373, simultaneous refinement

1bm2 a = 5.6560(4), b = 15.6318(10), ¢ = 5.5198(4), R, = 0.0536, R, = 0.0705 i

X y z Occupancy Uiso (AY)
Srl 0.5117(10) 0.11077(25) —0.0048(34) 1 0.0199(12)
Fel 0.0682(11) 0.25 0.015(4) 1 0.0330(17)
Fe2 0 0 0 0.9 0.0197(14)
Mnl 0 0 0 0.1 0.0197(14)
0Ol 0.2406(23) 0.0070(4) 0.246(5) 1 0.0159(12)
02 —0.0492(10) 0.13937(34) —0.007(4) 1 0.0235(16)
03 0.3593(22) 0.25 0.865(4) 1 0.0309(30)
Iemm a = 5.6558(4), b = 15.6313(9), ¢ = 5.51966(32), R, = 0.0479, Ry,;, = 0.0641 i

X y z Occupancy Uiso (A?)
Srl 0.5107(8) 0.61049(19) 0 1 0.0204(10)
Fel 0.5685(8) 0.25 0.4574(12) 0.5 0.0132(15)
Fe2 0 0 0 0.9 0.0179(11)
Mnl 0 0 0 0.1 0.0179(11)
Ol 0.25 0.99306(33) 0.25 1 0.0182(11)
02 0.0498(9) 0.13977(28) 0 1 0.0254(13)
03 0.6401(17) 0.25 0.1290(18) 0.5 0.0245(25)
Time of flight neutron diffraction
1bm2 a = 5.65222(23), b = 15.6313(6), ¢ = 5.51648(22), R, = 0.0357, R,,, = 0.0473 i

X y z Occupancy Usiso (A?)
Srl 0.5119(4) 0.11015(10) —0.0041(11) 0.01103(32)
Fel 0.0674(4) 0.25 0.0271(11) 1 0.0233(6)
Fe2 0 0 0 0.931(6) 0.0153(6)
Mnl 0 0 0 0.069(6) 0.0153(6)
Ol 0.2497(13) 0.00715(17) 0.2482(16) 1 0.0110(4)
02 —0.0483(4) 0.13965(15) —0.0021(15) 1 0.0186(5)
03 0.3575(8) 0.25 0.8733(14) 1 0.0184(9)
Iemm a = 5.65223(20), b = 15.6305(5), ¢ = 5.51650(20), R, = 0.0319, R, = 0.0425 )

X y z Occupancy Usso (A?)
Srl 0.51174(29) 0.60996(7) 0 1 0.01237(27)
Fel 0.56904(31) 0.25 0.4586(4) 0.5 0.0100(4)
Fe2 0 0 0 0.924(5) 0.0138(5)
Mnl 0 0 0 0.076(5) 0.0138(5)
(0] 0.25 0.99304(14) 0.25 1 0.01238(32)
02 0.04802(32) 0.14007(12) 0 1 0.0195(4)
03 0.6398(6) 0.25 0.1253(7) 0.5 0.0110(6)

(TOF) neutron diffraction, as well as SQUID magnetometry.
Neutron Pair Distribution function analyses were also used to
study the local structures of these materials.

Experimental
Synthesis

Three SroFe; M Os+y compounds, with M= Cr, Mn and Co,
were synthesized in air using stoichiometric amounts of SrCO;
(99.9% Sigma Aldrich), Fe,O5; (99.998% Alfa Aesar), Mn,Os3
(99.9% Cerac), Cry03 (99.97% Alfa Aesar), and Co3;04 (99.3%
Fisher Scientific), ground and pressed into pellets. In all cases the
syntheses were performed at 1250 °C, with both heating and
cooling rates of 100 °C h™'. Several intermediate regrinding and
refiring steps were performed until pure phases were obtained.
The syntheses were also performed in argon atmosphere, under
the same conditions for all three M = Cr, Mn and Co.

X-ray and Neutron diffraction

Powder X-ray diffraction data were obtained on a PANalytical
X’Pert Pro MPD diffractometer with a linear X’Celerator

detector. In all cases Cu-Ka,; radiation (A = 1.54056 /D%) with 20
step interval 0.0084° was used for data collection.

Constant wavelength powder neutron diffraction data were
obtained on the C2 diffractometer at the Canadian Neutron
Beam Centre at Chalk River, Ontario and the HB2A diffrac-
tometer, at the High Flux Isotope Reactor at the Oak Ridge
National Lab. The C2 data were collected at a variety of
temperatures from 4 K to 700 K. A wavelength of 2.373 A was
used to collect data within the 26 range of 4.4° to 84.5° at all
temperatures. A wavelength of 1.331 A was also used at 4 K and
300 K to obtain data from 34.9° to 115.0°. In both cases the 26
step size was 0.10°.

HB2A measurements were performed using an incident
neutron wavelength of 2.41 A, selected from the (113) plane of
a vertically focusing Ge monochromator. A pyrolytic graphite
(PG) filter was used to remove the higher order contamination of
the beam. A 12’ Soller slit collimator was used in front of the
monochromator and 21’ in front of the sample. The scattered
neutrons were detected by an array of 44 equally spaced (~2.7°)
*He detectors; each proceeded by a 6’ mylar foil collimator. For
the data collection, the detector array was scanned to cover the
total 28 range of 10.5° to 131.9°, in steps of 0.1°. More details
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Table 3 The powder neutron refinement results at 300 K, for Sr,Fe; ¢Cog ;Os synthesized in argon

A= 1.331 and A = 2.373, simultaneous refinement

1bm2 a = 5.6859(4), b = 15.6604(10), ¢ = 5.5410(4), R, = 0.0603, R, = 0.0788 i

X y z Occupancy Ujso (A?)
Srl 0.5154(9) 0.10946(31) —0.0007(31) 1 0.0079(16)
Fel 0.0669(10) 0.25 0.0242(11) 1 0.0167(23)
Fe2 0 0 0 0.9 0.0094(17)
Col 0 0 0 0.1 0.0094(17)
Ol 0.2363(16) 0.0081(4) 0.2391(32) 1 —0.0015(18)
02 —0.0481(11) 0.1410(5) —0.0105(31) 1 0.0124(18)
03 0.3605(24) 0.25 0.8751(30) 1 0.0192(31)
Iemm a = 5.68161(34), b = 15.6489(9), ¢ = 5.53692(32), R, = 0.0547, R, = 0.0723 )

X y z Occupancy Usso (A?)
Srl 0.5142(8) 0.60939(26) 0 1 0.0079(14)
Fel 0.5685(8) 0.25 0.4562(11) 0.5 0.0029(20)
Fe2 0 0 0 0.9 0.0061(14)
Col 0 0 0 0.1 0.0061(14)
0Ol 0.25 0.9919(4) 0.25 1 0.0064(14)
02 0.0489(9) 0.1411(4) 0 1 0.0149(15)
03 0.6396(19) 0.25 0.1246(21) 0.5 0.0087(24)
Time of flight neutron diffraction
1bm2 a = 5.66145(17), b = 15.5960(5), ¢ = 5.51749(17), R, = 0.0318, R, = 0.0441 )

X y z Occupancy Usso (A?)
Srl 0.51312(26) 0.10946(9) —0.0035(7) 1 0.00988(24)
Fel 0.06839(29) 0.25 0.0345(7) 1 0.0172(4)
Fe2 0 0 0 0.9 0.00885(26)
Col 0 0 0 0.1 0.00885(26)
0Ol 0.2509(9) 0.00724(14) 0.2482(10) 1 0.00903(27)
02 —0.04826(27) 0.14116(13) —0.0054(10) 1 0.01543(35)
03 0.3563(6) 0.25 0.8769(9) 1 0.0146(6)
Iemm a = 5.66160(15), b = 15.5963(4), ¢ = 5.51770(15), R, = 0.0274, R, = 0.0388 )

X y z Occupancy Usso (A?)
Srl 0.51265(22) 0.60915(7) 0 0.01164(20)
Fel 0.56889(22) 0.25 0.45654(26) 0.5 0.00746(29)
Fe2 0 0 0 0.9 0.00857(20)
Col 0 0 0 0.1 0.00857(20)
(0] 0.25 0.99258(11) 0.25 1 0.01030(23)
02 0.04840(23) 0.14082(10) 0 1 0.01675(28)
03 0.6401(5) 0.25 0.1237(5) 0.5 0.0096(4)

about the HB2A instrument and data collection strategies can be
found in reference.” Powder samples weighting about 3 g were
placed in vanadium cans (8§ mm i.d. by 5 cm) and loaded in
a Janis top-loading CCR capable of achieving temperatures up to
700 K.

Time of flight neutron powder diffraction data were collected
on the instrument NPDF at the M. Lujan Jr. Center for Neutron
Scattering at the Los Alamos Neutron Science Center.® Four
data banks were collected at detector angle of 45° (bank 1), 90°
(bank 2), 119° (bank 3) and 148° (bank 4).

Magnetic property measurements

Bulk magnetization measurements were performed using
a Quantum Design MPMS SQUID Magnetometer. The field
sweep, as well as zero-field cooled and field cooled (ZFC/FC)
magnetic susceptibility measurements from 5 K to 300 K were
performed on powder samples in gelatin capsules. Quartz
sample-holders were used for the susceptibility measurements
from 300 K to 700 K.

Thermal gravimetric analysis (TGA)

The TGA experiments were performed on a Netzsch STA-409
TGA-DTA instrument (Thermal Gravimetric Analyzer-Differ-
ential Thermal analyzer), by heating the argon synthesized
samples in air at the rate of 5 °C min~!, up to 1250 °C, and
measuring the weight gains.

Results and discussion
Crystal structures of compounds synthesized in argon, y ~ 0

Powder X-ray and neutron diffraction data were used for
structural characterizations. The GSAS program,® using the
EXPGUI interface'® was employed for the Rietveld refinements.
The argon synthesized compounds are all brownmillerites with
long-range ordering of oxygen vacancies (Fig. 1). There are four
space groups reported for brownmillerites which depend on the
relative orientations of the tetrahedral chains which can exist in
either R or L handedness within and between the chain
layers.'"*2 If the intra/inter planar relationship is RR (or LL), the
polar space group 2mb (Ibm2) is found (the chains possess an

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Rietveld refinement profiles for SroFe; ¢Cog 105 (Icmm) synthesized in argon. Very similar refinement profiles were also obtained for the Mn and
Co compounds. (a) Powder X-ray diffraction with 2 = 1.54056 A. (b) Time-of-Flight neutron diffraction. Only one of the four banks is shown. The detector
angle for this bank was 45°. (¢) and (d) Constant wavelength powder neutron diffraction, A= 1.3307 Aand 21=2.3730A, respectively. The stars indicate the
experimental data, the solid line shows the model, the vertical tick marks locate Bragg peak positions and the lower solid line is the difference plot.

electric dipole moment). If the orientation is the same within each
tetrahedral layer but alternates from one layer to the next (RL or
LR) the non-polar Pnma occurs. A structure with long-range
disorder of tetrahedral chain orientation is described by Imma
(Iemm). Finally, there is a much less common space group Pcmb
(Pbcm) that describes an alternating orientation of tetrahedral
chains within and between adjacent tetrahedral layers
(RL/LR).'*2 Different settings of these space groups have been
used by different authors, but the above notations refer to a cell
with b > ¢ > a, and the ones in brackets are the other commonly
used settings. The Pcmb systems can be easily recognized by the
presence of supercell reflections due to a doubling of one axis. In
addition, the primitive cells can be readily identified by the
occurrence of (1 5 1) and (1 3 1) reflections that are not allowed in
I-centering. These reflections are absent for all Sr,Fe; ¢Mg 105
(M = Cr, Mn,Co) compounds. The Ibm?2 and Icmm models were
therefore refined. The refinements yield good fits for both models
using X-ray, as well as constant wavelength and time of flight
neutron diffraction data. This is generally expected, as it is
usually difficult to distinguish these two space groups using
powder data. However, the Icmm model results in better agree-
ment factors and more uniform thermal displacement parameters

throughout the structure. It should be noted that there are
actually fewer degrees of freedom for atomic positions in Icmm,
and therefore, fewer parameters to be refined. In addition, the
TOF data in all cases resulted in better fits due to the significantly
larger Q range obtained from TOF experiments. Tables 1-3 show
the refinement results for both Icmm and Ihm2 models using
constant wavelength and TOF neutron data. Fig. 2 shows the
refinement profiles for the Cr-compound. Based on the crystal
field stabilization energy, Cr** (3d*: t5,’) and Mn™ (3d*: ty.’e,')
are expected to prefer the octahedral site. In the case of Mn and
Cr, the octahedral site preference has been shown for
Ca,FeMnOs"* and Ca,Fe; sCrys0s.'* Rietveld refinements
showed that for all three phases (Cr, Mn and Co), more
reasonable thermal displacement parameters were obtained
when they were placed on the octahedral site. Therefore, the final
refinements were performed with Cr, Mn and Co on the octa-
hedral site.

In all three brownmillerite compounds, elongation of octahedra
is observed (Table 4). The two Fe-O2 bonds are longer than the
other four bonds. O2 is the oxygen that links octahedral and
tetrahedral layers. For the tetrahedra, the Fe—O2 bonds are shorter
than the other two bonds. Therefore, O2 forms longer bonds with
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Table 4 Selected bond distances (A) and angles (°) for brownmillerite
compounds, Icmm, from time-of-flight neutron diffraction refinements

SryFe; 9Cr,105

Fel-02 1.8483(16) x 2
Fel-03 1.882(4)
Fel-03 1.8911(33)
Fe2-0l 1.98089(10) x 4
Fe2-02 2.2067(15) x 2
02-Fel-02 136.03(12)
02-Fel-03 101.45(6)
02-Fel-03 104.40(7)
03-Fel-03 106.36(11)

01— Fe2-0l 88.462(6)

Ol- Fe2-0l 91.538(6)

Ol- Fe2-02 88.17(5)

01— Fe2-02 91.83(5)

SroFe; 9Mny 105

Fel-02 1.8553(20) x 2
Fel-03 1.882(4)
Fel-03 1.885(4)
Fe2-Ol 1.97751(13) x 4
Fe2-02 2.2062(19) x 2
02-Fel-02 135.67(15)
02-Fel-03 101.30(7)
02-Fel-03 104.56(8)
03-Fel-03 106.92(13)
01-Fe2-01 88.438(7)
O1-Fe2-0l 91.562(7)
O1-Fe2-02 88.09 (7)

Ol- Fe2-02 91.91 (7)

Sr2F61_9C00.105

Fel-02 1.8434(17) x 2
Fel-03 1.8805(32)

Fel 03 1.8880(29)
Fe2-Ol 1.97979(11) x 4
Fe2-02 2.2132(16) x 2
02-Fel-02 134.96(11)
02-Fel-03 101.79(5)
02-Fel-03 104.53(6)
03-Fel-03 106.85(10)
01-Fe2-0l 88.334(6)
O1-Fe2-01 91.666(6)
01-Fe2-02 88.25(6)

Ol- Fe2-02 91.75(6)

the octahedral Fe and shorter bonds with tetrahedral Fe. There is
a strong distortion in the tetrahedral layer, where some tetrahedral
angles deviate from the ideal, 109.5°, by more than 26.5°. There is
a smaller degree of distortion in the octahedral layer, where the
deviations from ideal angles are less than 2° (Table 4).

Crystal structures of compounds synthesized in air, y ~ 0.5

The air synthesized Co-compound, Sr Fe; 9Cog Os4y, has an
orthorhombic Cmmm symmetry, as confirmed by X-ray, TOF
and constant wavelength neutron diffraction refinements (Fig. 3
and Table 5). The refinement of oxygen occupancies using the
neutron data resulted in very small deviations from full occu-
pancy. Therefore, they were fixed at 1, consistent with y = 0.5.
This is also consistent with the result of the thermogravimetric
analysis based on the fact that all three air synthesized

compounds can be converted to the vacancy-ordered brown-
millerites, by firing in argon resulting in the loss of oxygen. The
reverse process is also possible. Based on these analyses, and
assuming y ~ 0 for the brownmillerite obtained upon firing in
argon, y = 0.52 was obtained for the Cmmm compound. This
compound exhibits vacancy ordering (Fig. 4), which results in
dimeric units of square pyramids and chains of octahedrally
coordinated Fe atoms. This is the same structure found for
SryFe 041 (SryFe;0s.5) which is not surprising. Each pyramid
shares the four corners of its base with four octahedra, such that
the dimeric units are isolated from each other and there is no
corner-sharing between them. The chains of octahedra are also
isolated from each other by square pyramidal dimers (Fig. 4).
Viewing the individual pyramids along the a-axis, an alternating
up and down orientation pattern is evident. Also, taking the
square pyramidal sub-lattice alone in Fig. 4a, it can be seen that
oxygen atoms and vacancies alternate along both a and b-axes,
forming isolated dimers that are shifted parallel to b relative to
the dimers on their right and left.

In sharp contrast, for air synthesized Sr>Fe; 9Mg 1054y (M =
Cr and Mn), a cubic cell was readily identified from the X-ray
diffraction pattern. However, closer inspection of the data dis-
closed a significant difference between the M = Cr and Mn
materials. Fig. 5a displays the X-ray peak widths as a function of
scattering angle for both phases. Note that while the behavior for
the M = Cr compound shows a smooth increase with increasing
20, such as might be expected from the resolution function of the
diffractometer, that for the M = Mn analog shows a highly
irregular variation which depends strongly upon the Miller
indices of the individual reflections. A similar but much less
marked trend was noticed in the neutron diffraction data due to
the inherent lower resolution. In Fig. 5b, the corresponding
X-ray pattern for Cmmm Sr,Fe; 9Coyg 1Os.y is indexed as pseudo-
cubic. Note the correspondence between the broadened “cubic”
reflections such as (200) and (310) in the M = Mn phase and the
strong splittings evident in the M = Co phase. Three samples of
the M = Mn phase were prepared and the results were variable
but similar to those of Fig. 5a. In one case, a clear core/shell
structure was evident upon comparison of X-ray data, which are
more sensitive to the surface and showed a cubic pattern, with-
neutron data which probe the bulk and disclosed a mixed Pmi-
3m/Cmmm pattern. It seems clear that under these conditions of
synthesis, the M = Mn material is not fully converted to a Pm-3m
structure but retains at least a short range order related to that of
the Cmmm phase, whereas the M = Cr is indeed Pm-3m. A
Pm-3m model (Table 6) for M = Cr was found to be in excellent
agreement with both X-ray and neutron diffraction results. Fig. 6
shows the Rietveld refinement profiles for the Cr-compound.
Refinements of oxygen site occupancy gives y ~ 0.568(8) for this
material (Table 6). Remarkably, the neutron data for the M =
Mn phase could also be analyzed reasonably well with the Pm-
3m model and parallel results are included in Table 6, but given
the preceding discussion, these should be regarded with caution.

Thermogravimetric analyses were also performed and resulted
in 'y = 0.66(8) for the disordered Pm-3m materials Cr and Mn-
compounds, respectively, within experimental error of the values
deduced from the neutron data.

As mentioned before, the Pm-3m and Cmmm, structures occur
for Sr,Fe;Os+y. The Pm-3m structure corresponds to 'y ~ 1 and is
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Fig. 3 Rietveld refinement profiles for SroFe; 9Cog Os+y (Cmimm) synthesized in air. (a) Powder X-ray diffraction with A = 1.54056 A. (b) Time-of-
flight neutron diffraction. Only one of the four banks is shown. The detector angle for this bank was 45°. (¢) and (d) Constant wavelength powder
neutron diffraction A = 1.3307 A and A = 2.3730 A, respectively. The stars indicate the experimental data, the solid line shows the model, the vertical tick
marks locate Bragg peak positions and the lower solid line is the difference plot.

only obtained by firing the sample in pure oxygen,® while Cmmm
is obtained for y = 0.5 by adjusting the oxygen content using
proper mixture of gases.® At this point, it is not clear how
substitution of 5% Cr destroys the ordering of vacancies leading
to the disordered cubic, Pm-3m, structure. However, as discussed
below, the local structures of these materials seem to be different
from their average structures.

Local structures of the air synthesized phases

Neutron-Pair-Distribution-Function (NPDF) analyses were
performed to study the local structures of these materials. Both
Bragg peaks and diffuse scattering are taken into account equally
in this method. First, corrections and normalization are made to
the powder data that are acquired to very large momentum
transfer, Q. A sine Fourier transform is then performed to give
the atomic pair distribution, G(r). The G(r) contains peaks
whose intensities depend on the product of the neutron scattering
lengths of the atoms that interact at a particular distance, r, and
the number of those interatomic interactions. To obtain an initial
characterization of the local structure, the G(r) is compared with
the inter-atomic distances expected for the average structure and
others which are plausible models for the local structure. A more

detailed and quantitative local structure picture is available by
fitting the G(r) data to chosen crystallographic models within
a specified length scale using the PDFGUI program®® which is
similar in concept to Rietveld refinement but done in direct
space. A second, complementary direct spaced analysis was
applied based on the reverse Monte Carlo (RMC) method using
the program RMCProfile.’s Here a large supercell is constructed
and the atoms are permitted to move from the positions of the
average structure providing models which are then evaluated by
fitting to the observed G(r). A valuable feature of the RMC
method is that so-called partial G(r) functions for individual
bond pairs are extracted. These bond pair partials are then
compared to expected bond length distributions for model
compounds containing the relevant atoms in different oxidation
states and coordination environments to provide a more detailed
picture of the local structure. NPDF data are available for the
M = Cr and Co materials.

Local structure for M = Cr

Air synthesized Sr,Fe; oCrgOs+y with a Pm-3m average struc-
ture, is expected to show only one inter-atomic distance for each
of the following atom pairs: Sr-O, Fe-O, Sr—Fe, and Sr-Sr.
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Table 5 The time of flight neutron powder refinement results for
Sr,Fe; 9Cog.1Os+y synthesized in air

a =10.96191(24), b = 7.69419(13), ¢ = 5.46764(11),

Cmmm R, = 0.0370, R, = 0.0486

X y z Occupancy Ujs, (A?)
Srl 0.5 0 0.5 1 0.0041(13)
Sr2 0 0 0.5 1 0.0057(10)
Sr3 0.25667(32) 0 0 1 0.0074(10)
Fel 0.5 0.24845(27) 0 1 0.0046(4)
Fe2 0.25 0.25 0.5 0.9 0.0037(5)
Col 0.25 0.25 0.5 0.1 0.0037(5)
o1 0.5 0 0 1 0.0083(12)
02 0.26468(35) 0 0.5 1 0.0078(8)
03 0.37932(23) 0.27147(11) 0.2495(7) 1 0.01271(18)
Bond distances (A)
Fel-Ol 1.9116(21)
Fel-03 1.9086(30) x 4
Fe2-02 1.93027(32) x 2
Fe2-03 1.9780(29) x 4
Sr1-0l1 2.73382(5) x 2
Sr1-02 2.580(4) x 2
Sr1-03 2.8264(27) x 8
Sr2-02 2.901(4) x 2
Sr2-03 2.5918(28) x 8
Sr3-0O1 2.667(4)
Sr3-02 2.73523(21) x 2
Sr3-03 2.8341(30) x 4
Sr3-03 2.679(4) x 4

However, examining the G(r) data at short r reveals that there
are many features not accounted for by the Pm-3m model
(Fig. 7a). This indicates a local ordering of oxygen vacancies.
Given that the composition of this phase is close to that for
SryFe>Os 5, a Cmmm local model based on Fe-O coordination
numbers (CN) of 5 and 6 might be expected. As well, local
brownmillerite ordering with CN of 4 and 6 cannot be ruled out,
a priori. Both models were tested using PDFGUI profile analysis
along with the fully disordered Pm-3m model. As expected, the
Pm-3m model for the range of r = 1.5 Atos A, gives a poor fit
with R,, = 20.4%, (Fig. 7b) while for larger distances, r = 10 A to
20 A the agreement is quite good, R,, = 10.5% (Fig. 7c), which is
to be expected as for large distances the average structure will be
a good model. Forr = 1.5 Atos A, the vacancy ordered Ibm?2
and Cmmm models result in a significantly better agreement
factors, R,, = 10.7% (Fig. 7d) for the former and 13.6% (Fig. 7e)
for the latter.

Fig. 4 Crystal structure of Sr,Fe; 9Cog Os4y (Crmmm) synthesized in
air, with ordering of oxygen vacancies resulting in chains of octahedra,
separated by dimeric units of square pyramids.
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Fig. 5 (a) The variation of peak width versus scattering angle (X-ray
data) and reflection index for Sr,Fe; ¢Mg 1Os+y phases with M = Cr and
Mn. Note the monotonic behavior for M= Cr which contrasts with that
for M =Mn. (b) The X-ray diffraction data for Cmmm Sr,Fe; ¢Cog 1Os+y
indexed as pseudo-cubic. Note the distinct splittings of the “(200)” and
“(310)” reflections which correspond to the broadened peaks in the
pattern for nominally cubic Sr,Fe; ¢Mng Os.4y (a).

RMC fitting was also applied to this problem in order to
perhaps provide a means of deciding between the two local order
models. A 14 x 14 x 14 supercell containing 12,348 atoms and

Table 6 The powder refinement results, for SroFe; 9By 105+, (B = Cr,
Mn) synthesized in air. The results are from simultaneous refinements
with powder X-ray (A = 1.54056 A) and neutron diffraction data (2 =
1.331 A and A = 2.373 A), at 300 K

SI‘2FCI_9C1‘0_1O5+},
Pm-3m a = 3.88896(8), R, = 0.0489, R, = 0.0680 )

x y z Occupancy Usjso (A?)
Srl 0.5 0.5 0.5 1 0.0184(4)
Fel 0 0 0 0.95 0.01009(33)
Crl 0 0 0 0.05 0.01009(33)
0Ol 0.5 0 0 0.928(4) 0.0228(4)
SroFe; oMng 1Os4y
Pm-3m a = 3.86638(5), R, = 0.0507, R,,, = 0.0718 .

X z Occupancy Usso (A?)
Srl 0.5 0.5 0.5 0.0167(4)
Fel 0 0 0 0.95 0.0103(4)
Mnl 0 0 0 0.05 0.0103(4)
(0] 0.5 0 0 0.919(3) 0.0211(5)
Interatomic distances (A)

SryFe; 9Cro.1054y SroFer oMng 1054y

Fe-O 1.94448(4) x 6 1.933190(20) x 6
Sr-O 2.74991(4) x 12 2.733940(20) x 12
Sr-Sr 3.88896(8) x 6 3.86638(5) x 6
Sr-Fe 3.36794(5) x 8 3.348380(30) x 8
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Fig. 6 Rietveld refinement profiles for Sr>Fe; ¢Crg Os.y (Pm-3m) synthesized in air. (a) Powder X-ray diffraction with 2 = 1.54056 A. (b) Time-of-flight
neutron diffraction. Only one of the four banks is shown. The detector angle for this bank was 45°. (¢) and (d) Constant wavelength powder neutron
diffraction A = 1.3307 A and A = 2.3730 A, respectively. The stars indicate the experimental data, the solid line shows the model, the vertical tick marks
locate Bragg peak positions and the lower solid line is the difference plot. The un-indexed reflection in (d) near 67 deg is due to the vanadium sample can.

1,372 vacancy positions was generated. The positions of the
atoms in the average structure were used as starting coordinates.
The supercell was fit against both the G(r) and S(Q) functions to
ensure that the resulting configuration was consistent with both
the average long range structure and the local structure. The fit to
the G(r) data is shown in Fig. 8a and the Fe-O partial G(r),
Fig. 8b, is compared to expected interatomic distances deter-
mined from the two models. Note that for the brownmillerite
Iemm model, one would expect to see a significant feature at
about 2.2 A, due to the octahedral site Fe** ion. As there is little
evidence for this, and that the Cmmm model appears to account
at least roughly for the shape of the observed Fe-O G(r), one can
conclude that the latter is a better description of the local
structure. This indicates that the local structure involves Fe-O
coordination numbers of five and six and the presence of Fe*
and Fe**. The presence of significant levels of Fe** in octahedral
coordination at distances typically found in brownmillerites is
ruled out.

Local structure for M = Co

The NPDF data for SroFe; 9Cog 1Os+y, synthesized in air are
shown in Fig. 9. Refinement of the G(r) data out to 20 A using

PDFGUI showed that the local and average structures are the
same for this phase, giving Ry, = 9.59%.

Magnetic properties of the argon synthesized compounds

For all three brownmillerite compounds, neutron diffraction
results show the presence of long range magnetic ordering at 4 K,
evident from the magnetic Bragg peaks. Neutron diffraction
experiments at temperatures up to 700 K were then performed to
determine the magnetic structure and magnetic moments as
function of temperature and to determine the magnetic transition
temperatures. (Fig. 10 and 11). For all three materials, the
familiar G-type structure is found in which all nearest neighbor
spins are aligned antiferromagnetically. As this nomenclature
was originally applied to perovskite materials, some confusion
can arise in the case of brownmillerites. Recall that brownmil-
lerites have alternating layers of octahedra and tetrahedra. If the
octahedral sublattice is examined independently in Fig. 11, it is
clear that the moment on each site is aligned opposite to the
nearest neighbors within the same layer, but parallel to the
nearest neighbors in the adjacent layers. This is a C-type anti-
ferromagnetic arrangement, which is also found for the tetra-
hedral sublattice. If both octahedral and tetrahedral sublattices
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Fig. 7 NPDF data truncated at Qu.x = 35 A for SryFe; 9Crp.1Osy,
synthesized in air, that has a cubic average structure, Pm-3m. (a) The
match between G(r) and inter-atomic distances expected for the average
structure. (b) PDFGUI refinement profile from r = 1.5 A to 5 A with
a cubic Pm-3m model, R, = 20.4%. (c) PDFGUI refinement profile from
r=10 A to 20 A with a cubic Pm-3m model, R,, = 10.5% (d) PDFGUI
refinement profile from r = 1.5 A to 5 A with a brownmillerite Ibm2
model, R,, = 10.7%. (e) PDFGUI refinement profile fromr = 1.5 AtoSA
with a Cmmm model, R,, = 13.6%.

are taken together, then the overall magnetic structure can be
called G-type antiferromagnetic, where the magnetic moment on
each cation is oriented antiparallel to all nearest neighbor
moments.

The preferred orientation of moments is along the shortest unit
cell axis, ¢. This is immediately evident from the neutron

diffraction patterns, as the intensity ratio of the two major
magnetic peaks, marked by arrows in Fig. 10, is indicative of the
magnetic moment orientation.' If this ratio is close to ~1, then
the moments are aligned along the longest axis, and if the ratio is
close to ~3, the moments are oriented parallel to the shortest
axis. In this case, the ratios of the two major magnetic peaks at
4 K are 2.76, 2.41 and 2.61 for M = Cr, Mn and Co compounds,
respectively.

Magnetic moments on the tetrahedral and octahedral sites
were refined at different temperatures using the FullProf
program suite,'””"® and WinPLOTR.'®" The variations of
magnetic moments with temperature are shown in Fig. 12, 13 and
14. Néel temperatures were estimated by comparing data near
the transition to the equation I(T)"? = I(4 K)"*((Tn — T)/Tn)**
calculated for several temperatures near the assumed Ty. This
function is valid in the so-called critical regime and the exponent
is an average for the three dimensional Ising, XY and Heisenberg
models.?° For all cases there were at least two data points within
the critical range and various Ty values were tried and those
giving best agreement with the data were chosen. A typical
comparison is shown in the inset to Fig. 12. The magnetic tran-
sition temperatures, Ty, with the estimated uncertainties are
650(2)K, 633(2)K, and 663(2)K for the Cr, Mn and Co
compounds, respectively.

To analyze these results the assumption was made that for an
isostructural series with constant exchange parameters, Ty ~
<S>? where <S>? is the average spin quantum number for the
B-site ion combination. The S value for Fe** is 5/2, Co*" and
Mn** are both S = 2 (assuming the high spin state for Co), while
Cr**is an S = 3/2 ion. The parent phase, Sr,Fe,Os has Ty = 693
K.?' Thus, Tn/693 K should vary as <S>%6.25 for each B-site
composition giving expected ratios of 0.98, 0.98 and 0.96 for M =
Co, Mn and Cr, respectively. The actual values are 0.96, 0.91 and
0.94 for the same three ions. While the ratios for M = Co and Cr
are in reasonable agreement with expectation, the M = Mn value
is clearly too low. Among the possible explanations is that Mn**—
O-Fe** superexchange contributes ferromagnetic interactions
which would weaken the overall antiferromagnetic exchange in
disproportion to the Mn** concentration. This is in crude accord
with the Goodenough-Kanamori rules for the 180° o super-
exchange pathway.?** It is also not impossible that a local
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Fig.8 (a) RMC fitting of the short distance G(r) for Sr,Fe; ¢Cry ;Os 5. (b) Comparison of the Fe-O partial G(r) over the range 1.7-2.3 A with expected
interatomic distances for model compounds. The height of each tick mark is a relative measure of the number of atom pairs at that distance.

This journal is © The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 9522-9538 | 9531


http://dx.doi.org/10.1039/c2jm30957b

Published on 13 March 2012. Downloaded by State University of New Y ork at Stony Brook on 28/10/2014 00:35:30.

View Article Online

SrzFeuCo (0]

01755
Cmmm
250K R =0.0959

G(r)

-
(=3

G(r)

W T T T T
10 15 20 25 30 35 40 45 50
r(A)

5 10 15
r(A)

Fig.9 Longand short (inset) range G(r) obtained from S(Q) data truncated at Q. = 35 A~ for Sr,Fe; 9Cog 1054y (air), refined with a Cmmm average
structure. These results show that the local and average structures are the same for this material.

9 17 25 33 M 65 73 81

49 5
2-theta(degree)
Fig. 10 The refinement profile for crystal and magnetic structures of
SroFe; oCrg 105, Iemm, synthesized in argon. Very similar refinement
profiles were also obtained for the Mn and Co compounds. The two
major magnetic peaks are shown by arrows. The magnetic structure is
a G-type antiferromagnetic (Fig. 11), with magnetic moments oriented
along the shortest axis, ¢. In the figure above, the circles represent the
experimental data and the solid black line the model. Vertical tick marks
show the positions of the peaks corresponding to the crystal (upper tick
marks) and magnetic structures (lower tick marks). The purple solid line
at the bottom is the difference plot. The un-indexed peak at about 68 deg
is due to the vanadium sample can.

C

Fig. 11 The magnetic structure of Sr,Fe; ¢Mg 05 (M = Cr, Mn, Co),
Iemm, synthesized in argon, at 4 K. The magnetic moment on each site is
oriented anti-parallel to all nearest neighbors; a G-type antiferromagnetic
structure with moments oriented along the shortest axis, ¢. Red and grey
circles show octahedral and tetrahedral sites, respectively.
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Fig. 12 The magnetic moments of Sr,Fe; ¢Crg 1Os, Icmm, synthesized in
argon, as function of temperature. The magnetic transition temperature
Tn = 650(2) K as determined by the method described in the text and
illustrated in the inset.
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Fig. 13 The magnetic moments of Sr,Fe; 9Mng ;Os, Icmm, synthesized
in argon, as function of temperature. The magnetic transition tempera-
ture Ty = 636(2) K.

Jahn-Teller distortion occurs at Mn sites which could weaken
the superexchange.

Magnetic properties of air synthesized M = Co

The Co-compound, Sr,Fe;¢Cog 055, is isostructural with
SryFe 04y (SroFey0s55).6 There is only a 5% substitution of Co
for Fe and, thus, one might expect similar magnetic behavior.
Magnetic susceptibility data for Sr,Fe; 9Cog ;05 5 are shown in
Fig. 15b—c. A FC/ZFC divergence occurs near ~230 K which can
be taken as the magnetic transition temperature, Ty, which is
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Fig. 14 The magnetic moments of Sr,Fe; ¢Coy 1Os, Icmm, synthesized in
argon, as function of temperature. The magnetic transition temperature
Tn = 663 K.

very near the value for un-doped SryFe Oq; of 232 K.2* A second
anomaly is found below ~60 K in both the ZFC and FC data
which has the appearance of spin freezing. No such feature is
reported for SryFe Oy . The susceptibility above room temper-
ature to 700 K is shown in Fig. 15c,d. The high temperature
inverse susceptibility data, Fig. 15d, shows apparent Curie—
Weiss behavior up to ~600 K, beyond which deviations set in. It
is worth noting that neither of the other two oxidized phases,
Sry,Fe; oMy 1055 M = Cr or Mn, show a Curie-Weiss regime up
to 700 K nor do the related materials Sr,FeMnOs,y, y = 0.0,
0.5.28 Nonetheless, a Curie-Weiss fit {y = C/(T — 0)} to the data
between 300 K and 600 K yields C = 5.54(1) emu K mol~" and
6 = —75(1)K. The measured C is less than the expected sum of
contributions from high spin Fe** and Fe**(at this y-value equal
concentrations are expected) of 7.38 emu K mol~!. This could
imply a moment reduction for one of the ions due to the square
pyramidal geometry, perhaps. A more detailed discussion is
rendered difficult due to a lack of consensus regarding either the
extent of Fe**/Fe*"charge ordering and the site preferences of the
two ions.***2” A Curie-Weiss behavior is also reported for
Sr4Fe, 04, above 232 K,?* but the data are not shown and no
Curie constant is reported. However, 6 = + 598(9)K, which is in
profound disagreement with the value determined for the 5% Co
doped material. In addition, the FC susceptibility is suggested to
saturate at 5 K for SryFe,O;;, while for Sr,Fe; 9¢Cog 055,
saturation does not occur down to 5 K. Sr,Fe; ¢Cog 105 5 shows
clear hysteresis in isothermal magnetization data at 5 K and 100
K. The hysteresis at 5 K shows a residual moment of 0.0084 pp.
This may indicate spin canting. Thus, there are significant
differences in bulk magnetic properties between Sr,Fe>Os s
(Sr4Fe4O11) and the phase studied here with 5% Co doping.
Neutron diffraction experiments were carried out at 4 K and
290 K. The difference plot, Fig. 16, shows the presence of many
magnetic reflections, confirming long-range magnetic ordering,
which can be indexed on the chemical cell as indicated.

This journal is © The Royal Society of Chemistry 2012
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Fig. 16 The difference plot for Sr,Fe; ¢Cog Os.5, Cmmm, obtained by
subtraction of neutron data at 290 K from the data at 4 K. The indexes
for the main magnetic peaks are shown. The valleys and their adjacent
peaks are due to the small shift of structural peak positions in the 290 K
data relative to the 4 K data.

Comparing with data for SryFe,011%* the magnetic diffraction
patterns appear to be nearly identical. To summarize the situa-
tion for SryFesOqq, there are actually two proposed structural
and magnetic structural models.®** In both, the Fe** and Fe**
ions site order on the square pyramidal and octahedral sites, but
the site preferences are opposite. Several arguments have been
presented for each site order preference but the issue appears to
be still unresolved.>*?” In any case the magnetic structure is
C-type antiferromagnetic order on only one of the sites — the
other remains non-magnetic to 4 K, due to local frustration. For
example cations on the octahedral sites couple to four nearest
square pyramidal neighbors and given AF order on these near
neighbor sites, the frustration emerges. For SryFe; 9Cog Os s
several magnetic structure simulations and refinements were
performed by the FullProf program suite,'”'® using Win-
PLOTR."®" As anticipated, an antiferromagnetic C-type model
fits the data very well. The refinement profile and the magnetic
structure are shown in Fig. 17 and 18. As seen in Fig. 18, the
magnetic moments are oriented along the b-axis. As mentioned,
only one of the two Fe sites is ordered, and Rietveld refinements
give equally good results for both site preference choices, as
observed for SryFe;0,1.>* The saturation magnetic moment
obtained for SryFe,Oq; at 1.5 K is 3.55(5) up, unusually small

9534 | J. Mater. Chem., 2012, 22, 9522-9538

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2jm30957b

Published on 13 March 2012. Downloaded by State University of New Y ork at Stony Brook on 28/10/2014 00:35:30.

View Article Online

[ T T 1 I A |
FE PR rrrr Cernnrrerre eeer
i ke — "“h‘“‘
PP PP P PP PP P PP I e I
9 17 25 33 41 49 57 65 73 81
2-theta(degree)

Fig. 17 The refinement profile for crystal and magnetic structures of
SroFe; 9Cog.10s5.5, Cmmm, synthesized in air. Only one of the two sites,
square-pyramidal or octahedral sites, contributes to the C-type magnetic
structure (Fig. 18). The Rietveld refinement gives equally good fits for
both. Vertical tick marks show the positions of the peaks corresponding
to the crystal (upper tick marks) and magnetic structures (lower tick
marks). The purple solid line at the bottom is the difference plot.

for Fe’* (S = 5/2), and was rationalized in terms of limited
delocalization of d-electrons.?* However, the refined moment
for Sr,Fe; 9Cog 1055 at 4 K is even smaller p = 2.99 (5) ug,

Fig. 18 The magnetic structure of Sr,Fe; ¢Cog 055, Cmmm, synthe-
sized in air, at 4 K. It is a C-type antiferromagnetic, and there are two
competing models (1) Contribution to the magnetic structure from the
octahedral sites only. (2) Contribution from the square-pyramidal sites
only. The Rietveld refinement results are equally good for both models.
The figure shows model number (2) with grey and red spheres repre-
senting square-pyramidal and octahedral sites, respectively.

which is a considerable difference, given the small degree of
substitution. At present the origin of the moment reduction is
unclear.

Magnetic properties of air synthesized M = Cr, Mn

For cubic SryFe; 9Cry 054y and SroFe; oMng Os.y synthesized
in air, bulk magnetic data are shown in Fig. 19 and 20. Both
show FC/ZFC divergences, below ~60 K for the Cr and ~45 K
for the Mn material. High temperature data indicate that a true
Curie-Weiss paramagnetic regime is not achieved up to 700 K.
Both also show hysteresis at 5 K with a residual moment of
0.0018 pp for the Cr-compound and of 0.0042 pg for the Mn-
material. Such results might be indicative of a spin frozen
ground state or an unusual superparamagnetic state as found
for Sr,FeMnOs.2®

Neutron diffraction data were obtained at 4 K and 300 K,
shown in Fig. 21 and 22 for both compounds. The apparent
absence of any intense magnetic Bragg peaks suggests that there
is no long-range magnetic ordering in these two compounds
down to 4 K. However, in both materials there exist complex
features at 4 K that disappear at 300 K. The temperature
dependence of these peaks indicates they are magnetic peaks,
diagnostic of mostly short range magnetic interactions. The
insets of Fig. 21 and 22 show these features. For the M = Mn
phase there are two peaks at ~22 deg and ~33 deg which consist
of a weak but sharp Bragg component superimposed on a broad
diffuse peak. Fitting of the Bragg components gives precise
positions of 21.83(3) deg and 33.45(3) deg which are apparently
incommensurate with the Pm-3m unit cell but in fact index as
(110) and (111) on the magnetic unit cell found for Cmmm
SryFe; 9Cog.10s.5. This strongly suggests that the local chemical
structure for the M = Mn phase is Cmmm-like in accord with the
structural analysis presented in an earlier section. Underlying the
Bragg peaks are very broad, diffuse peaks centered at the same
positions, within error. Analysis of these peaks using the Orn-
stein-Zernike model®® (Fig. 23) yields correlation lengths of 10(1)
A and 12(5) A for the two peaks which agree within error. The
fraction of the Bragg component to the total intensity is esti-
mated as 0.08(2).

For the M = Cr material, only one such feature is seen, but
now with the Bragg position at 30.69(3) deg indexes as (1/2 1/2
1/2) on the Pm-3m cell, i.e., indicative of a G-type magnetic
order. However, this position is very near those found for the
pair of magnetic reflections, (101) and (011) observed for the
Icmm SroFeq 9Crg 105, phase. Thus, it is more difficult to infer
the average chemical structure from the magnetic scattering in
this case. The diffuse component, analyzed in the same manner
as described above gives a correlation length of 7(1) A. As this
is a much weaker feature, the Bragg/diffuse ratio is somewhat
poorly defined. Nonetheless, based on these results one can rule
out a random, spin frozen ground state for these two phases.
The anomalies in the susceptibility may be better ascribed to an
unusual superparamagnetic ground state. Thus, while the
argon synthesized Sr,Fe; ¢Mj 05, phases show the expected
magnetic structures, the three air synthesized materials are all
different. Such a variation is remarkable given the low doping
level of 5%.
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Fig. 19 Bulk magnetic data for Sr,Fe; ¢Cry Os+y, Pm-3m, synthesized in air. (a) Isothermal magnetization data at 5 K and 300 K. A hysteresis,
magnified in the inset, occurs at 5 K, with a residual moment of 0.0018 pg. (b) Zero field cooled-field cooled (ZFC-FC) data from 5 K to 300 K. Note the
divergence between ZFC and FC data below ~60 K, indicative of a possible spin-glass transition. (c¢) Susceptibility data obtained while heating the
sample from 300 K to 700 K. As seen here the paramagnetic behavior does not occur up to 700 K.

Summary and conclusions

SryFe; oMy 1Os+y (M = Mn, Cr, Co; y= 0, 0.5) were synthesized
in air, y ~ 0.5, and argon, y ~ 0. The Ar-synthesized materials
have long-range brownmillerite-type ordering of vacancies with
long-range G-type magnetic ordering, and Ty = 652(2) K, 633(2)
K, and 663(2) K, for the Cr, Mn and Co compounds, respec-
tively. The low Ty for the Mn-compound can be due to the
competing ferromagnetic interactions.

The air-synthesized Co-material is isostructural with Cmmm
Sr,Fe;Oss  (SrqFe Oqp) with long-range vacancy ordering
resulting in chains of corner-sharing octahedra separated by
dimers of square-pyramids and a long-range C-type antiferro-
magnetic ordering with Ty ~ 230 K. The local structure is also
well described by the Cmmm model. The air-synthesized
Cr-material has a vacancy-disordered cubic structure. The M =
Mn phase appears cubic but closer inspection shows a more
complex picture with a likely core (Pm-3m)/shell (Cmmm)
composite structure. The local structure of the M = Cr phase
shows a Cmmm type ordering of oxygen vacancies. Neither the
M = Cr or Mn phases show long-range magnetic order but short
range correlations are evident from the weak peaks which
develop in the neutron diffraction data upon cooling to 4 K. In
both cases the peaks consist of a dominant, diffuse feature with

a minor Bragg component. For the Mn-compound these peaks
can be indexed as (110) and (111) on the C-type magnetic unit cell
found for the M = Co phase, indicating the presence of C-type
domains with correlation lengths of ~10(1) A. For the Cr-
compound the peak indexes as (1/2 1/2 1/2) on the Pm-3m cell
indicative of short range G-type ordering with the correlation
length 7(1) A. These results rule out a random, spin frozen
ground state for these two phases and suggest an unusual
superparamagnetic state as found for Sr,FeMnQs.?®
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Fig.21 The neutron diffraction data for Sr,Fe; yMng ;Os., synthesized
in air, at 4 K and 300 K. The diffuse temperature dependent peaks at
21.83(3)° and 33.45(3)°, highlighted in the inset, indicate the presence of
short range magnetic interactions at low temperature. The peak positions
can be indexed on the magnetic Crmmm unit cell (Fig. 18). The upper blue
and the lower red patterns are the data at 4 K and 300 K, respectively.
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Fig. 22 The neutron diffraction data for Sr,Fe; ¢Crg 1Os.y, synthesized
in air, at 4 K and 300 K. The diffuse temperature dependent peak at
30.69(3)°, highlighted in the inset, indicates the presence of short range G-
type magnetic interactions at low temperature. The peak can be indexed
on the Pm-3m cell. The upper blue and the lower red patterns are the data
at 4 K and 300 K, respectively.
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