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The oxygen-deficient system Sr,FeO,4_, was explored by heating the stoichiometric Fe** oxide SroFeO,
in well-defined oxygen partial pressures which were controlled electrochemically by solid-state
electrolyte coulometry. Samples with x up to about 0.2 were obtained by this route. X-ray diffraction
analysis reveals that the K>NiF4-type crystal structure (space group [4/mmm) of the parent compound is
retained. The lattice parameter a slightly decreases while the c-parameter increases with increasing x,
which is in contrast to the Ruddlesden—Popper system SrzFe,O;_, and suggests removal of oxygen
atoms from FeO, lattice planes. The magnetic properties were studied by magnetization, 5"Fe Moss-
bauer, and powder neutron diffraction experiments. The results suggest that extraction of oxygen atoms
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from the lattice progressively changes the elliptical spiral spin ordering of the parent compound to an
inhomogeneous magnetic state with coexistence of long-range ordered regions adopting a circular spin
spiral and smaller magnetic clusters.
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1. Introduction

Perovskite-related ferrates with iron in the high oxidation state
+4 constitute an interesting class of transition metal (TM)
oxides due to their peculiar electronic, magnetic, and structural
properties. Formally, the electronic structure of Fe*" oxides can
be discussed starting from the tjzeq (S = 2) ligand field configu-
ration of 3d* ions, where the high oxidation state of the TM ion
gives rise to strong covalency of Fe-O bonding and in turn to
strong hybridization between Fe 3d and O 2p orbitals. In the
framework of configuration interaction models the iron(iv)
oxides, along with Cu®" and Ni*" oxides,"™ belong to the class
of negative-charge-transfer energy (negative-A) compounds,
where the electronic ground state is rather dominated by holes
in the oxygen bands (L ™", n = 1, 2), i.e. by a d°L™" electron
configuration instead of an ionic d* configuration.” Remark-
able properties which are related to the negative-A situation are
the metallic behavior of SrFe0,,° a charge-disproportionation
(CD) process which may be written as 2d°L™" — d° + d°L ™2 or
234 — thg€y + tog in CaFeO;,”® Sr;Fe,0;,”° ' CaCuzFe 04y, "
and Ca,FeMnOg,"* pressure-induced insulator-to-metal and/or
high-spin to low-spin transitions in CaFeOs,'” Sr;Fe,0-,"® and
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CaCuzFe 0,,,"" as well as antiferromagnetic ordering with
different types of helical spin structures in SrFeQ;,'® CaFeO;,®
cubic BaFeO3,'® and Sr;Fe,0,.%° In particular, SrFeO; features a
sensitive response of the helical spin structure to temperature
and magnetic fields,>"** which makes this system an interest-
ing model case for topological spin textures in the absence of
Dzyaloshinskii-Moriya interactions.*

Convenient ways for tuning the electronic and magnetic
properties of TM oxides are cationic substitutions or variation
of the oxygen content. In case of perovskite-related ferrates the
great flexibility of the perovskite structure has allowed to vary
the oxygen content in a wide range and thus to realize Fe in
oxidation states between +2 and +4. For the SrFeO;_, system
several structurally and magnetically distinct phases have
been described,**** namely metallic and helimagnetic SrFeOs;,
SrgFeg0,3 (SrFeO, g75) which reveals a charge-ordering transi-
tion,”®*” partially frustrated Sr,Fe,O,, (SrFeO, ,s) where only
the Fe®" fraction orders magnetically, the antiferromagnetic
Brownmillerite Sr,Fe,0s, and finally the Fe*" oxide SrFeO, with
infinite FeO, layers in the crystal structure.”® Similarly, in the
bilayer Ruddlesden-Popper system Sr;Fe,O,_, the iron oxida-
tion state could be tuned between +4 and +2, but in contrast to
the SrFeO;_, system no well-defined vacancy-ordered phases
were found.”® The end members of the former homogeneity
range are Sr;Fe,0, (Fe’")***! and Sr;Fe,O5 (Fe**).’* As changes
in the oxygen content lead to changes in the oxidation states
and coordination of the iron ions, also the magnetic properties
are substantially affected. Oxygen-deficient perovskite-related
ferrates are not only of interest as potential magnetic materials
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but also as mixed anionic conductors for applications in solid
oxide fuel cells®® and in oxygen-separating membranes®* or as
oxygen sources for NO oxidation.*”

A less studied Fe** oxide is the K,NiF,-type phase Sr,FeQ,
which was first reported by Scholder et al>® and has an
insulating ground state, but in contrast to Sr;Fe,O, does not
feature a CD of Fe**.>*” An unexpected oxygen-related phonon
band in Raman spectra of Sr,FeO, may indicate that the
insulating ground state is associated with a tiny structural
distortion which, however, has remained elusive so far.*
Recently, we have shown that Sr,FeO, adopts an elliptical spiral
spin structure which shows a spin-flop-type reorientation in
external magnetic field of about 5 T.** Sr,FeO, can be consi-
dered as a negative-A insulator, which is supported by its
high-pressure properties showing the disappearance of the
additional Raman band near 6 GPa®® and a concomitant
change from a spiral to a ferromagnetic spin structure.***°
An insulator-to-metal transition near 18 GPa was attributed to
the closure of the p-p-type excitation gap.*® Only few substi-
tuted phases based on Sr,FeQ, were reported so far,"" ™ and to
the best of our knowledge oxygen deficiency in the Sr,FeO, ,
system has not been studied in detail. However, similar as for
the 113 and 327 systems also for 214 a layered compound with
Fe** in square planar coordination, Sr,FeOs, was synthesized.**

In the present study we have explored the oxygen-deficient
system Sr,FeO,_, by heating fully oxidized Sr,FeO, at increas-
ing temperatures and a well-defined oxygen partial pressure.
The oxygen contents were controlled and analyzed electro-
chemically using solid-state electrolyte coulometry. Sr,FeO,
samples with oxygen deficiencies 0 < x < 0.2 could be prepared
by this route. Attempts to increase the oxygen deficiency further
required heating at temperatures above 700 °C where decom-
position into SrzFe,0,_, and SrO occurs. The impact of oxygen
deficiency on the magnetic properties in Sr,FeO,_, was studied
by magnetization, >’Fe Mossbauer spectroscopy, and powder
neutron diffraction experiments.

2. Experimental details

2.1. Synthesis of Sr,FeO,

Sr,FeO, was prepared by solid state reaction of home-made SrO
and Fe,0; while applying elevated oxygen pressure. For the
synthesis of SrO, 50 g SrCO; (Sigma-Aldrich, >99.99% metal
basis) was mixed with 100 ml of H,0, and HNO; (65% strength)
was added with stirring until no gas evolution was evident. The
solution was evaporated and the resulting Sr(NO3), was decom-
posed to SrO at 550 °C in dynamic vacuum in a Schlenk line.
The purity of the product was verified by powder X-ray diffraction.
For storage, the SrO was sealed in glass ampoules. Fe,O; was
synthesized by decomposition of FeC,0,2H,0 (Alfa Aesar,
Puratronic, 99.999% metal basis) in a tube furnace under a slow
flow of oxygen at 350 °C and prior to use stored in an argon-filled
glove box.

A mixture of SrO and Fe,O; with a slight excess of SrO (molar
ratio of 4.02/1.00) was finely ground in an agate mortar in a
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glove box under argon atmosphere. The mixture was placed in a
corundum finger crucible, covered with a thin layer of SrO and
a gold lid on top. High oxygen pressure synthesis was per-
formed in a specifically designed, scale-resistant steel autoclave
described earlier.”> The charged crucible was placed in the
autoclave, which was closed, loaded with 10 ml of liquid O, and
subsequently heated at a rate of 20 K h™" to 773 K, which
generates an O, pressure of 2.5 kbar (free volume ~ 15 ml). This
temperature was kept for 72 hours, next the heating source was
switched off and the autoclave was allowed to cool to room
temperature with a rate of about 300 K h™'. The reaction
product as obtained was reground, and annealed along the
same procedure as described, once again. Samples with enrich-
ment of the isotope *’Fe to 10 or 20% for high-pressure
synchrotron Mdssbauer studies®® were obtained by using
isotopically enriched Fe,Oj; as starting material.

2.2. Characterization methods

Powder X-ray diffraction (PXRD) was performed using a Huber
G670 camera (Guinier technique, Co Ko, radiation, 1 =
1.788965 A, diffraction range 10° < 20 < 100° in steps of
0.005°). Rietveld refinement*® of the PXRD data of Sr,FeO,4 was
performed with the program WinCSD.*’

Thermogravimetric (TGA) analysis of Sr,FeO, was carried
out on a Netzsch STA 449 F3 thermoanalyzer. About 30 mg of
the sample was placed in a corundum crucible, which was
heated at a rate of 5 K min~" in the range of 300-1073 K under
dynamic argon flow. The sample was kept at 1073 K (800 °C) for
4 hours where no further weight loss was observed. Finally, the
sample was cooled down again.

Magnetization measurements of Sr,FeO,_, were recorded
on samples sealed in Suprasil quartz tubes under He using an
MPMS3 (Quantum Design) magnetometer in the temperature
range of 1.8 to 400 K, in zero-field cooling (zfc) and field-cooling
(fc) modes in applied fields up to 7 T. Isothermic magnetization
measurements were performed after zero-field cooling by field
ramping between 0 and 7 T.

>’Fe Mossbauer spectra were collected at various tempera-
tures using a standard WissEl spectrometer operated in the
constant acceleration mode (°*’Co/Rh source) and a Janis SHI
850-5 closed cycle refrigerator. Powder samples of Sr,FeO,
containing about 10 mg Fe cm > were homogeneously distri-
buted in an acrylic glass sample container with an inner
diameter of 13 mm. In some cases the samples were diluted
with BN to ensure homogeneous distribution. All isomer shifts
are given relative to o-iron. The data were evaluated with the
MossWinn program®® using the thin absorber approximation.
To model the shape of the spectra in the magnetically ordered
phases hyperfine field distributions were either derived by
the Hesse-Riibartsch method implemented in MossWinn or
Gaussian hyperfine field distributions were assumed.

Magnetic structures were analyzed by powder neutron
diffraction (PND) on two Sr,FeO, , samples with x = 0.133(3)
and x = 0.158(6). About 3 grams of material were placed in a
vanadium sample container. Data were collected using the
diffractometer E2 at the BER II reactor of the Helmholtz-Zentrum
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Berlin. This instrument is equipped with a pyrolytic graphite (PG)
monochromator selecting the neutron wavelength / = 2.380 A. PND
patterns were recorded at 1.8 and 80 K, well below and above
the magnetic ordering temperatures, respectively. Additional PND
patterns were measured within this temperature range to deter-
mine the temperature dependence of the lattice parameters and of
the magnetic order parameters. The powder patterns were collected
in the range of diffraction angles from 3.7° to 79.4°. Rietveld
refinements of the PND data were carried out with the program
FullProf,*® using the nuclear scattering lengths b(O) = 5.805 fm,
b(Fe) = 9.54 fm, and b(St) = 7.02 fm.>* The magnetic form factors of
the Fe atoms were taken from ref. 51.

2.3. Solid-state electrolyte coulometry

Solid-state electrolyte coulometry (SEC) was employed to ana-
lyze and adjust the oxygen content of Sr,FeO,_,, and to estab-
lish the corresponding po -T-x-diagram. The basic principle of
the technique and an overview on its applications has been
detailed in ref. 52-54. The setup used for the studies presented
here is sketched in Fig. 1. The system operates in a carrier gas
mode and consists of two identical solid-state electrolyte (SE)
SGM5EL ZIROX cells (doped zirconium oxide, ZIROX-Sensoren
und Elektronik GmbH, 17489 Greifswald). Each cell has two
electrode systems for potentiometric measurement of the
chemical potential of oxygen and coulometric dosing or pump-
ing of oxygen, respectively. The cells are positioned upstream
(cell 1) and downstream (cell 2) of a quartz-tube reactor con-
taining the sample whose change in oxygen content in course of
the solid-gas interaction is to be studied as a function of
temperature. In this setup the space containing the specimen
to be equilibrated is thermally decoupled from the SE cells,
thus the latter may operate constantly at such a temperature
which is optimal for the solid electrolyte (~750 °C for doped
zirconium oxide). This measure taken admits to conven-
iently optimize the parameters of the gas-solid interaction
(temperature program, geometry and material of the reactor)
appropriate to the sample under investigation.”> Current I,
voltage U, O, concentration, and temperature of each SE cell,
as well as the temperature of the sample were recorded using a
customized computer program based on LabVIEW.

As carrier gases Ar, or gas mixtures Ar-H, and Ar-H,-H,0,
respectively, were used. The range of partial pressures of oxygen
realizable in Ar/O, is 107° to 10™° bar and for Ar-H,-H,O
mixtures 10 %2 to 10~ ° bar. For the latter, the oxygen partial
pressures evolving as function of temperature for selected
H,/H,0 ratios are documented in Fig. S1 and Table S1 (ESIY).

gas line

temperature of sample l

cell 2

pe———"

current

voltage

current voltage

flow controller

Fig.1 Solid state electrolyte coulometry. Sketch of the experimental
set up.
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The actual oxygen chemical potential in the carrier gas was
controlled in the upstream cell, whereas the uptake or loss of
oxygen of the sample during the gas—solid equilibration was
monitored in the downstream cell.

The mass of oxygen exchanged during solid-gas equili-
bration, Amg,, is obtained from Faraday’s law,

Am02 =

t=end
Mo, XJ (o — 1)d1 )
Fxz t=start

where I, is the constant basic oxygen dosing current, I; is the
current registered in the downstream cell at time ¢, Mo, is the
molecular mass of oxygen, F the Faraday constant, and z = 4
the number of electrons transferred. The change Ax in oxygen
stoichiometry for a sample with mass m and molecular weight
M, is obtained as

Ax = Amo, x Mg/(m — Amo )Mo, )

The actual stoichiometry of the reduced specimen can be
derived if the gas-solid reaction starts from a material with a
well-defined oxygen content or if it leads to a well-defined final
product. The samples of Sr,FeO, used as starting materials
were saturated with respect to oxygen content by annealing
under elevated oxygen pressure.

The present experiments were carried out under the
following conditions: depending on the size of the sample,
the reaction chamber (quartz tube) had a diameter of approx.
18 mm outside and 16 mm inside, or alternatively 25/23 mm.
A section of ~17 cm of the total length of the reaction chamber
(22 cm) was heated by a tube furnace. The sample was located
in a quartz boat in the middle of the furnace. A thermocouple
was attached close to the reaction site in a “quartz nose”, in
order to enable a correct and continuous temperature registra-
tion at the reaction location.

In an exemplary run, an Ar gas flow of 5 1 h™* with about
3 x 10~° bar O, is used as carrier gas, the Sr,FeO, samples are
heated at a rate of 7 °C min™" and held at the targeted
temperatures for 8 h. The O, activity is fine-tuned via the
dosing current I, (~10 mA) of the upstream cell.

3. Results and discussion

3.1. Synthesis and characterization of Sr,FeO,

The synthesis of Sr,FeQ, is challenging because of the fact that
the compound decomposes above 700 °C into the Ruddlesden-
Popper phase Sr3Fe,O;_, and SrO. In previous work Sr,FeO, was
prepared either by heating of SrCO; and Fe,O; at 1300 °C and
subsequent conversion of the two-phase primary product
Sr;Fe,0,_,/SrO to Sr,FeO, in a flow of high-pressure oxygen
(200 bar) at 750 °C,*® or by direct reaction from SrO and Fe,O;
at 650 °C in flowing O, atmosphere at ambient pressure.’” The
latter samples always contained a certain amount of unreacted
Fe,0s. Here, we have successfully prepared phase-pure Sr,FeO, by
reaction of SrO and Fe,0O; in an autoclave at an oxygen pressure of
2500 bar at a moderate temperature of 500 °C. A Rietveld profile
analysis (Fig. 2(a)) underlines the absence of any impurity phase,

This journal is © the Owner Societies 2022
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) Rietveld analysis of the powder X-ray diffraction pattern. Dots correspond to

the experimental data, red solid lines to the calculated pattern, blue solid lines to the difference pattern, and the tick bars to the peak positions.
(b) Méssbauer spectrum at 290 K. The spectrum was fitted with a single quadrupole doublet with isomer shift IS = —0.014(1) mm s~* and quadrupole
splitting QS = 0.444(1) mm s~ confirming the Fe** oxidation state. (c) M&ssbauer spectrum at 5 K. The red arrows indicate a tiny Fe** fraction of ~1%
with B¢ ~ 42 T which is seen in addition to the complex Fe** hyperfine pattern here approximated by 8 sextets.

and has resulted in crystal structure data (¢f Table S2, ESIt) fully
complying with those from previous studies.’® Thermogravimetic
analysis of a sample of Sr,FeO, at 800 °C in an argon flow resulted
in the composition Sr,FeO, gq(z) if decomposition of the sample to
stoichiometric Sr;Fe,Oq and SrO is assumed.

Any oxygen deficiency in Sr,FeO, can also be estimated
using *’Fe Mossbauer spectra. At room temperature (see
Fig. 2(b)) the spectrum consists of a simple quadrupole doublet,
assuring the absence of any Fe,O; impurity and confirming that
virtually all iron ions exist in the +4-oxidation state. Even more
sensitive to small Fe** components is the Mssbauer spectrum in
the magnetically ordered phase at 5 K which is shown Fig. 2(c).
The spectrum is characterized by a complex hyperfine field (Byy)
distribution which reflects the elliptical spiral spin structure
of Sr,FeO, and was approximated by a superposition of
eight hyperfine sextets having a typical Fe*" isomer shift IS =
0.07 mm s~ '.*° Detailed inspection of the spectrum reveals a
tiny additional hyperfine component with an enlarged B¢ of
~42 T and an intensity contribution of about 1% (marked by
arrows in Fig. 2(c)) which is attributed to Fe®*. In different
preparation runs the intensity fraction of this component
slightly varied but was always <2%. Thus, using the Mdssbauer
spectra we estimate the oxygen deficiency in the high-pressure
synthesized samples as <0.01. The good agreement with
the results from the TGA reduction experiment at 800 °C in

This journal is © the Owner Societies 2022

argon atmosphere indicates that under these conditions indeed
reduction to the stoichiometric Fe®" phase Sr;Fe,Og was achieved.

3.2. Investigation of the oxygen homogeneity range in
Sr,FeO, , by SEC

In exploring the homogeneity range of Sr,FeO, ,, pristine
samples of Sr,FeO, were equilibrated at constant temperatures
and in argon carrier gas flows of defined oxygen partial pres-
sure. The release of oxygen during solid/gas equilibration of the
sample was compensated and monitored in the downstream
cell, see section Experimental details.

A representative plot of the reduction process as function
of time for target temperatures up to 500 °C is displayed in
Fig. 3(a). Here, and in all other respective experiments two steps
of reduction are apparent. The desorption of oxygen starts at
about 150 °C with the maximum occurring at 300 °C. A second
peak is apparent for temperatures >400 °C and represents
further oxygen desorption in the Sr,FeO,_, phase. Integration
of the temperature programmed oxygen desorption (TPOD)
reaction curves yields the change in oxygen content Ax accord-
ing to eqn (1) and (2) (Fig. 4(a)). Since during temperature rise
the sample and gas phase are not always in equilibrium, details
of the shape of the TPOD curve depend on the experimental
conditions applied, as sample mass, gas flow and temperature
gradient. Using this method oxygen-deficiency in Sr,FeO,_,

Phys. Chem. Chem. Phys., 2022, 24,17028-17041 | 17031
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Fig. 3 Temperature programmed desorption curves for SroFeO4_,
obtained by heating to the indicated temperatures. (a) Final temperature
300 to 500 °C, (b) final temperature 808 °C. The titration current / is
represented as a function of time t. The temperature profiles for heating to
500 °C and to 808 °C are also shown. Typical sample masses were about
100 mg and the oxygen partial pressure was 3 x 107 bar.

0 20000

with x up to about ~0.20 was realized, which corresponds to
Fe*" fractions up to about 40%. Between 400 and 550 °C
(673 and 823 K) a linear relation between x and inverse
temperature was observed (Fig. 4(b)).

Running the experiments at even higher temperatures of up
to 800 °C leads to further reduction steps (Fig. 3(b)) which
according to PXRD characterization (see Fig. 5) is accompanied
by decomposition of Sr,FeO,_, finally leading to the formation
of Sr3Fe,04 according to

2Sr,FeO, — Sr3Fe,0¢ + SrO + 10,.

At the same time this decomposition reaction demarcates
the limit of oxygen deficiency in Sr,FeO,_, which can be
achieved with this method. The change Ax = 0.496 in oxygen
content obtained by reduction at 800 °C suggests a full
reduction of Fe** in stoichiometric Sr,FeO, to Fe** in Sr;Fe,O4
which compares well with the TGA result.

Samples of Sr,FeO, , with different values of x were synthe-
sized by choosing different target temperatures and subsequent
cooling. The samples were characterized by PXRD, a representative
set of patterns is displayed in Fig. 5. Up to x ~ 0.2 (heating up to
550 °C) the patterns still exhibit only reflections which are typical
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Fig. 4 (a) Change of oxygen deficiency x in Sr,FeO,4_, during the reaction
in argon (po2 = 3 x 107° bar) with different final temperatures. If the initial
phase is assumed to be stoichiometric SroFeQ,4, then Ax = x. (b) Oxygen
deficiency as a function of inverse temperature. A linear relation is found
between 400 °C (673 K) and 550 °C (823 K). The dashed blue lines
correspond to a second independent experiment at the respective
temperature.

for the tetragonal K,NiF,-type crystal structure (space group
I4/mmm) adopted by stoichiometric Sr,FeO,. Line broadening
which increases with x may reflect strain effects owing to the
oxygen desorption process, stacking faults,® and a certain
inhomogeneity in x. For a sample with even higher x = 0.22
obtained by annealing at 600 °C a broad pattern was observed
(not shown), which still shows the main reflections of the
K,NiF,-type structure but also additional broad peaks. Further
increase of temperature leads to degradation into SrzFe,O;_,
(space group I4/mmm) and SrO. These results suggest that
Sr,FeO,_, samples with x up to ~0.2 can be prepared by the
present route, but decomposition occurs for larger x requiring
higher reaction temperatures. In Fig. 6 the lattice parameters a
and ¢ as well as the cell volume V are shown for all samples
prepared within this study and where the parent structure was
retained. It is evident that the ¢ parameter and V increase with
increasing x whereas a slightly decreases. The variation of a
with x in the Sr,FeO, , system is in sharp contrast to the
behavior of a in the Sr;Fe,O,_, system,*’ which contains
double layers of FeO,, polyhedra (m = 5, 6) and is the n = 2
member of the Sr,.;Fe,03,; Ruddlesden-Popper series. For
Sr3Fe,0;_, the lattice parameter a increases linearly with

This journal is © the Owner Societies 2022
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Fig. 5 Powder X-ray diffraction patterns of nominal Sr,FeO,4_, samples
with increasing oxygen deficiency x. The analysis of the PND pattern of the
sample with x = 0.496 revealed complete decomposition to SrzFe,Og and
SrO, where the peaks corresponding to SrO are marked by an asterisk.

increasing x, ie. with increasing Fe®* fraction, whereas the
lattice parameter ¢ shows a non-monotonic variation. This can
be related to the fact that in Sr;Fe,O,_, the oxygen defects are
created in the c¢ direction, namely the oxygen atoms which
connect the FeOq octahedra of the double layers via corner-
sharing in stoichiometric Sr;Fe,O, are removed. Finally, this
leads to square pyramidal coordination of Fe** in Sr;Fe,0¢.>"
The different behavior of @ in Sr,FeO,_, suggests that mainly O
atoms are removed from the FeO, layers in the ab plane. Then
two opposing trends occur: on the one hand, the smaller Fe**
ions are replaced by larger Fe*" ions which should lead to an
increase in a but on the other hand, the removal of O atoms
from the layers leads to a collapse in a such that the overall
variation of a with x is quite small. The increase in ¢ mainly
reflects the larger size of Fe®" ions compared to Fe*" ions. These
considerations are in agreement with the different hydride
reduction mechanisms proposed for Sr;Fe,0, and Sr,FeQ4.>***
While for the former the reduction to Sr;Fe,Os proceeds via
Sr;Fe,O¢ as intermediate phase, the latter was suggested to be
reduced directly to Sr,FeO; without intermediate phases.**

3.3. Magnetic properties of Sr,FeO,

The peculiar electronic situation in strongly covalent Fe(w)
oxides, which is characterized by a negative charge-transfer

This journal is © the Owner Societies 2022
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energy,” frequently gives rise to antiferromagnetic ordering
with helical spin structures. Recently it was demonstrated that
Sr,FeO, adopts an elliptical spin spiral mainly oriented in the
ab plane which undergoes a spin-flop transition in external
magnetic fields of about 5 T.*’ To study the impact of oxygen
deficiency, the magnetic properties of Sr,FeO,_, samples with
x = 0.13 and 0.16 were investigated by magnetization, powder
neutron diffraction, and *’Fe Mossbauer measurements.
Magnetization measurements. In Fig. 7 we compare the
magnetic susceptibilities x(7) and inverse susceptibilities
x’l(T) of oxygen-deficient Sr,FeOj; g, with those of the parent
compound Sr,FeO,. The x(T) curves of Sr,FeO, (Fig. 7(a))
exhibit a maximum near 60 K which is the signature of
antiferromagnetic order. According to specific heat data the
Néel temperature is 55.8 K.*° The field dependence of the y(T)
data for temperatures below the maximum reflects the spin-
flop transition in Sr,FeO, which also gives rise to a non-
linearity in the magnetization curves M(H) (Fig. 8). A further
weak cusp is seen in low-field zfc data of Sr,FeO, while fc data
only reveal an inflection. As the strength of this low-
temperature feature varies in different samples and it shows
some frequency dependence in ac susceptibility data®® it is
probably related to disorder effects owing to residual oxygen
defects. A similar but now very pronounced cusp at 9 K is
observed in the low-field zfc susceptibility data of Sr,FeO; g,
which is suppressed in larger magnetic fields (Fig. 7(b)). The
irreversibility between zfc and fc data at low field suggests that
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the magnetic order is perturbed by the oxygen vacancies and
glassy components contribute to the magnetism. Nevertheless,
a cusp near 57 K which occurs under zfc as well as fc protocol
and is independent of the magnetic field, suggests that
Sr,Fe0; g, still exhibits long-range antiferromagnetic ordering
with a similar Ty as in Sr,FeO,. An additional feature near
150 K seen in the fc data of Sr,FeO; g, at 0.1 T is probably not
intrinsic to the main phase. In contrast to Sr,FeO, the y(7T) data
at low temperatures and higher fields are essentially indepen-
dent of the field and in fact, the M(H) curves of Sr,FeO; g, at
1.8 K shown in Fig. 8 are linear between 1 and 7 T. These results

17034 | Phys. Chem. Chem. Phys., 2022, 24,17028-17041

suggest that the spin-flop transition of the parent compound is
suppressed in the oxygen-deficient material. A non-linearity
in M(H) below 1 T and a small remanent magnetic moment
indicate a tiny ferromagnetic signal. Similar results were
obtained for a sample with slightly higher oxygen deficiency
(SrpFeOs3 g4, see Fig. S2, ESIt).

For Sr,FeO;4, a Curie-Weiss (CW) analysis in the para-
magnetic regime using the linear region in the y '(7) data
collected at 7 T (200-300 K) results in an effective magnetic
moment pg Of 4.92 ug which is somewhat smaller than the
spin-only value expected for a mixed-valence Fe'"/Fe** system
with Fe*" moments of 4.9 up and Fe*" moments of 5.9 ug. The
corresponding Ocw-parameter of +7 K in the CW law [(T) = C/(T
— 0Ocw), C is the Curie constant] suggests the presence of
competing exchange interactions, where compared to Sr,FeO,
the relative strength of ferromagnetic interactions is reduced
with respect to antiferromagnetic interactions. In the y '(7)
data of Sr,FeO, no well-defined linear region can be identified
up to 350 K but the data indicate strong ferromagnetic
correlations.

Mossbauer spectroscopy. To study the evolution of the
magnetic structure with oxygen deficiency we have measured
Mossbauer spectra of Sr,FeO,_, samples with different x. The
spectra of the parent compound Sr,FeO, at low temperatures
exhibit a peculiar asymmetric shape,”” which can be consid-
ered as the signature of the elliptical spiral spin structure giving
rise to a characteristic distribution of hyperfine magnetic fields
Byrand an associated modulation of the quadrupole interaction
parameter 2¢.°° The latter depends on the orientation angle
between By and the principal axis V., of the electric field

This journal is © the Owner Societies 2022
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Fig. 9 Mdssbauer spectra of oxygen-deficient SroFeOs o, (a) and SroFeOs g7 samples (b) measured at the indicated temperatures. Dots correspond to the
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paramagnetic Fe**, red and green to magnetically ordered Fe**, and pink to paramagnetic Fe** sites, respectively). The sample of SroFeOs g7 was part of

the batch investigated by PND.

gradient tensor. The shape of the Mossbauer spectrum at 5 K of
a sample with composition Sr,FeOs o, shown in Fig. 9(a) is still
reminiscent of that of the parent phase but additional compo-
nents with enhanced hyperfine fields are apparent. The latter
can be attributed to Fe*" sites which are created owing to the
oxygen deficiency. The essential shape of the spectrum could
be reproduced with a Fe** component having an isomer shift
IS = 0.08 mm s~ and a By distribution ((By¢) = 28.5 T) which
was obtained according to the Hesse-Riibartsch method and
two Fe** components (IS = 0.40 mm s ') differing in their By
values ((Bns) of 47.4 and 38.8 T, respectively). Similar as for
Sr,FeQ,, a linear correlation between By and 2¢ was assumed
for the Fe*" distribution. The extracted By distribution (Fig. S3,
ESIT) still reveals characteristic features of an elliptical spin
spiral but the distribution is more complex which reflects
modifications caused by the Fe®* sites. Remarkably, the spec-
trum at 50 K reveals already about 30% of paramagnetic phase
which indicates that in several domains of the Sr,FeOj;o,
sample the magnetic ordering temperature is reduced. In the
paramagnetic phase at 60 K the spectrum is well described by a
superposition of two quadrupole doublets corresponding to
Fe'" and Fe®, respectively.

As expected, the Mdssbauer spectra of a sample with com-
position Sr,FeOj; s, exhibit an enhanced fraction of Fe** sites
(Fig. 9(b)). For fitting the complex shape of the spectrum at 5 K
we extracted By distributions for the Fe'* component (IS =
0.07 mm s ', (By) = 25 T) and for the broad major Fe**
contribution ((Bys) = 37 T) using the Hesse-Riibartsch method,
while a smaller and less broad component with larger By¢ values
({Bng) = 47.5 T) was described by a Gaussian By distribution.

This journal is © the Owner Societies 2022

For the Fe*" component still a linear correlation between By
and 2¢ was assumed, for the Fe’" components a single 2¢ and
equal IS = 0.39 mm s ' were used. The shape of the By
distribution of Fe" (Fig. S3, ESIf) differs from that of the
parent phase which suggests that the spin structure is
modified. The strong disturbance of the spin structure by the
oxygen deficiency is also apparent from the presence of about
50% paramagnetic phase even at 30 K which is well below the
Ty determined by neutron diffraction (see below). Similar
spectra were obtained for a Sr,FeO; g, sample but the fraction
of magnetically ordered sites at 30 K is even smaller than in the
Sr,FeO; g, sample (see Fig. S4, ESIT).

The low-temperature spectra of all Sr,FeO,_, samples stu-
died in this work revealed two different Fe** components, one
with larger and one with smaller B¢ values. We have observed
that samples from different reduction runs but with compar-
able oxygen deficiencies x resulted in different ratios of the two
Fe*" components. For instance, in the 5 K Mdssbauer spectrum
of a sample of Sr,FeO; g5 the area fraction of the Fe** component
with larger By (16%, Fig. S5, ESIT), is considerably enhanced
compared to that (6%) in the spectrum of the Sr,FeOs g, sample
shown in Fig. 9(b). Remarkably, also the fraction of magnetically
ordered sites at 30 K in the Sr,FeO;gg sample is enhanced. The
coexistence of magnetically ordered and collapsed phase below Ty
suggests that the statistical extraction of oxygen atoms from
Sr,FeO, leads to fragmentation of the magnetic exchange network
which results in magnetically ordered regions differing in size and
ordering or freezing temperatures. It may be anticipated that
removal of apical oxygen atoms has a less drastic effect for the
magnetic exchange than the removal of oxygen atoms from the
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FeO, layers. A different ratio between apical and layer oxygen
defects could be the reason for the differences in the low-
temperature Mossbauer spectra of samples from different
reduction runs. If we assign the Fe*" component with larger
B¢ to Fe** sites from regions where an apical O atom has been
removed, it appears reasonable that at a given temperature a
larger fraction of magnetically ordered regions persists in
samples where the large Bn-component dominates. Then the
Fe* signal with smaller B¢ corresponds to regions where O
atoms were removed from the layers, and thus for samples
where this type of Fe*" sites dominate, the fraction of magne-
tically ordered sites at a given temperature is smaller. It cannot
be readily decided whether the oxygen vacancies occur around
Fe*" or Fe'' sites. In the oxygen deficient SrFeQ;_, system
the formation of square-pyramidal Fe**O5 units is known,>*
whereas in the Sr;Fe,O,_, system Fe’'O; units occur.*’ Our
observations suggest that in different sample reduction runs
somewhat different microstructures leading to differences in
the local Fe®" environment were produced. Unfortunately,
attempts to control the microstructure by varying the reduction
conditions were not conclusive.

Powder neutron diffraction studies. To clarify the influence
of oxygen deficiency on the magnetic structure of Sr,FeO,_,,
PND patterns of two samples with x = 0.133(3) and x = 0.158(6)
were collected at 1.8 and 80 K, i.e. well in the magnetically
ordered and in the paramagnetic state, respectively. For obtain-
ing sufficient amount of material for the PND studies samples

View Article Online

Paper

from different SEC reduction runs with comparable values of
x were combined. In Fig. 10 the PND patterns of Sr,FeOj; g,
and Sr,FeO; g, are compared with those of the stoichiometric
sample Sr,FeO, which was investigated in our previous study.*’
The nuclear structures were refined in the tetragonal space
group I4/mmm, and the results of the refinements are summar-
ized in Table 1. Because of the limited range of diffraction
angles 20, and the relatively large neutron wavelength of
2.380 A it was not possible to determine the oxygen occupancies
with good accuracy, but initial refinements of the oxygen
occupancies indicated that oxygen atoms are mainly removed
from the FeO, layers. Therefore, in the final refinements we
have assumed full occupancy of the O1 atoms at the Wyckoff
position 4e(0,0,z), while the occupancy of the O2 atoms at the
Wyckoff position 4¢(0,3,0) was fixed to the values calculated
from the oxygen deficiency according to the SEC data. On the
other hand, the structural parameters of Sr,FeO,, Sr,FeO;g;
and Sr,FeOzg, could be reasonably well determined (see
Table 1) although a certain deviation between calculated and
observed lineshapes may indicate strain effects, lattice faults,
and/or inhomogeneity in x, in agreement with the XRD study.
The parameters of Sr,FeO, obtained from neutron data at 80 K
agree well with those from synchrotron data collected at
100 K.** A major goal of these refinements was to determine
the overall scale factor with good accuracy which is needed to
determine precisely the magnetic order parameters. In contrast
to the refinement of the crystal structure it was possible to
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Fig. 10 Powder neutron diffraction patterns of SroFeOy, SroFeOsgs7 and SroFeOs gap, collected on the instrument E2 at 1.8 and 80 K. The observed
magnetic reflections at 1.8 K are generated with the rule (hkl)m = (hkl)N £ k, where the incommensurate propagation vector is found to be k = (z, 7, 0) with
T = 0.137(1). The calculated patterns (red solid lines) are compared with the observations (black-filled circles). The positions of the nuclear (N) and

generated magnetic (M) reflections (black bars) as well as the difference patterns (/ops —
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Ica) (blue solid lines) are also shown.
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Table 1 Results of the Rietveld refinements of the powder neutron diffraction data of Sro,FeO,4_, collected at 1.8 and 80 K. The residuals of the crystal
and magnetic structure refinements are defined as Rr = (3 l|Fops| — [Featcll/Y IFobs) and Rum = (X lllobsl — llcaicll/> " lobs). respectively. The crystal structure
was refined in the tetragonal space group /4/mmm, where the Sr and O1 atoms are located at the Wyckoff position 4e(0,0,z), and the Fe and O2 atoms at
the positions 2a(0,0,0) and 4c(0,%,0), respectively. Sro,FeO4 adopts an elliptical cycloidal spin structure and the two O deficient samples a circular helix.
Using Model Il of ref. 39 the spin ellipse turns slightly out of the ab plane around the axis along [110]. Listed are the minor and major moments gmin and
Umax. the averaged moment u,,, the tilting angle f of the ellipse or circle to the ¢ axis and the component t of the propagation vector k = (z, 7, 0). Also
shown are the estimated correlation lengths ¢, the measured and calculated half widths at half maximum (HWHM) of the satellite (000)* labeled as Afgps

and Afg,m, respectively

Sample Sr,FeO, Sr,FeOj3 567 Sr,FeO3 g4

T [K] 1.8 80 1.8 80 1.8 80

a[A] 3.8459(3) 3.8457(4) 3.8409(3) 3.8414(4) 3.8473(3) 3.8480(4)
c[A] 12.374(2) 12.370(2) 12.431(2) 12.432(3) 12.475(2) 12.474(2)
V[A7] 183.97(6) 183.89(7) 183.38(6) 183.47(8) 184.64(6) 184.71(7)
2(Sr) 0.3567(3) 0.3554(3) 0.3564(3) 0.3566(4) 0.3578(3) 0.3576(4)
z(01) 0.1589(4) 0.1596(4) 0.1567(4) 0.1569(5) 0.1551(3) 0.1553(4)
dap(Fe-01) [A] 1.967(5) 1.975(6) 1.947(5) 1.948(6) 1.934(5) 1.937(6)
deq(Fe-02) [A] 1.9279(2) 1.9278(2) 1.9204(2) 1.9208(2) 1.9236(2) 1.9240(2)
Ry 0.021 0.027 0.021 0.025 0.018 0.024
min(Fe) [1s] 2.1(2)/1.9(2)* — 1.27(17) — 1.23(5) —
Umax(Fe) [1s] 3.31(8)/3.46(5)" — 1.46(15) — 1.23 —
Hav(Fe) [1g] 2.65(6) — 1.33(3) — 1.23(5) —

B () —65(7)/—63(16)" — 0 — 0 —

T 0.13696(14) — 0.1372(4) — 0.1371(10) —

Ry 0.030 — 0.069 — 0.131 —

Alops [°] 0.446 — 0.475 — 0.731 —

Abgam [°] 0 — 0.162 — 0.579 —

E[A] — — 67 — 19 —

“ From ref. 39, where the magnetic structure was analyzed based on the intensities of magnetic Bragg reflections, while here we performed Rietveld

refinements using model II of ref. 39.

investigate in detail the magnetic structures since all magnetic
reflections appear in the measured 20 range. It is apparent from
Fig. 10 that the strongest magnetic satellites [indexed as (000)*
or (1, 7, 0)] of stoichiometric Sr,FeO, and the two oxygen-
deficient compounds appear practically at the same scattering
angle of 20 = 6.9°. Thus, the spin structures of the three
compounds can be described by a propagation vector k =
(z, 7, 0) with 7 = 0.137. Recently, we have shown that stoichio-
metric Sr,FeO, adopts a cycloidal elliptical spin spiral with a
pronounced modulation of the magnetic moments between
Umin = 1.9 ug and fimax = 3.5 g, although a certain out-of-plane
tilting of the ellipse of about 27° (or a tilting angle to the ¢ axis
of about 63°) cannot be excluded.* According to Model II of ref.
39 the ellipse turns around the axis [110] which keeps fimax
parallel to this axis. Thus, the component fi,,;, may partially
turn out of the ab plane in the direction to the ¢ axis.

Rietveld refinement of the pattern of Sr,FeO;s, at 1.8 K
resulted in comparable moment components iy = 1.27(17) up
and umax = 1.46(15) pug which suggests that the anisotropy in the
moments is much reduced compared to Sr,FeO,. The averaged
magnetic moment u,, = 1.33(3) pp is reduced by a factor of
2 compared to ., = 2.65(6) ug of the parent compound. The
refinement of the tilting angle to the ¢ axis leads to a value of
20(15)° which is not significantly different from zero, suggest-
ing that one of the magnetic components is probably oriented
parallel to the c axis. Thus, in the final refinement we assumed
the presence of a circular helix, where the two components of
the moment are aligned now parallel to the directions [110] and
[001]. A somewhat increased oxygen deficiency in Sr,FeO; g4

This journal is © the Owner Societies 2022

leads to further reduction of the magnetic moment reaching
the smaller value y,, = 1.23(5) up. The results of the refinements
are summarized in Table 1.

In Fig. 11(a—c) the thermal variation of the averaged mag-
netic moments u,,, the component 7 of the propagation vector
k=(x, 1, 0), as well as the shapes of the magnetic (000)* peaks
are shown. Most remarkably, only the magnetic moments and
peak shapes are strongly changed in the oxygen-deficient
samples, whereas the vector component t and the Néel tem-
perature Ty remain nearly the same as for Sr,FeO,. The vector
component t slightly decreases with increasing temperature for
each sample as well as with increasing O deficiency. Our results
suggest that oxygen deficiency mainly changes the shape and
orientation of the spiral spin configuration while the propaga-
tion vector and therefore the rotation angle between adjacent
spins remains the same. The spin structures of stoichiometric
Sr,FeO, and Sr,FeO; g, are illustrated in Fig. 12.

To compare directly the magnetic intensity and peak shapes
of the satellites (000)* the overall scale factors are normalized
for all three samples in Fig. 11(c). To analyze the degree of peak
broadening of the O-deficient samples more quantitatively we
used the profile function parameters determined for the stoi-
chiometric Sr,FeO, sample. For Sr,FeO, we assumed a perfect
long-range magnetic order. Thus, its half width at half max-
imum HWHM (HWHM = FWHM/2, where FWHM is the full
width at half maximum) represents the instrumental resolution
(labeled as A0j,s(). While the difference between the moments
of the two O-deficient samples is small, the peak width is
strongly increased for Sr,FeO;g, as shown in the insert of
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Fig. 11 Results of the neutron diffraction study of samples of SroFeOy4
with x = 0, 0.133 and 0.158. (a and b) Temperature dependence of the total
magnetic moments and vector components k, of Sr,FeO,4_,. The averaged
moments of SrFeO,4 were determined from the components pmin and
max Of the ellipse taken from ref. 39. For the two oxygen-deficient
samples the magnitudes of umin and pmax Were found to be similar
indicating the presence of circular spiral. The solid lines are guides for
the eye. (c) Change of the peak shape and intensity of the strongest
magnetic satellite (000)* at 1.8 K with increasing oxygen deficiency. The
insert shows the variation of the observed full widths at half maximum
(FWHM).

Fig. 11(c). For the estimation of the magnetic correlation
lengths, defined as ¢ = 1/g, the g-values (in units of A™") are
determined using q = 41/4 X sin(A0gum). The intrinsic HWHMs
of Sr,FeO, , (labeled as Afg,,) are calculated according to
Asam = J(AOgps® — Abinge’), where Afs is the observed
HWHM of the satellite (000)*. The estimated correlation
lengths of Sr,FeO;s, and Sr,FeO; g, are ¢ = 67 A and 19 A,
respectively. Further details are given in Table 1. The data
suggest that increasing oxygen deficiency successively changes
the spin arrangement from long-range order to a glassy state.

Such a scenario is supported by the Mossbauer spectra. The
spectrum of Sr,FeOj;g, at 5 K indicates complete magnetic
ordering or freezing of all iron moments (Fig. 9(b)). In parti-
cular, there is no drastic reduction in magnetic hyperfine fields
which would be expected for a drastic reduction of the mag-
netic moments in the oxygen-deficient samples as suggested by
the PND results. On the other hand, neutron diffraction yields
average magnetic moments and only magnetically ordered
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Fig. 12 Incommensurate magnetic ordering in Sr,FeO,4_, with the pro-
pagation vector k = (7, 7, 0). The magnetic moments of the Fe atoms form
ferromagnetic layers perpendicular to the propagation vector k pointing
along the [110] direction. Stoichiometric Sr,FeO, adopts a cycloidal
elliptical spin spiral, where the magnetic moments are aligned within the
tetragonal ab plane. Nevertheless, a small out-of-plane tilting of the ellipse
cannot be excluded, where the moments are tilted away from the ¢ axis by
an angle § ~ 70°3° The magnetic ordering of the oxygen-deficient
compound shows the same k vector, but the tilting angle is decreased
to 0° which changes the spin structure to an almost circular spiral.

regions with sufficiently large correlation length give rise to
magnetic Bragg reflections. Thus, only larger-sized magneti-
cally ordered regions are monitored in the PND experiment,
whereas also the moments of smaller clusters not contributing
to the neutron pattern are completely frozen at the lowest
temperatures and seen by the local Mdssbauer probe. This
explains why the apparent magnetic moments of the iron ions
appear to be reduced although Mossbauer spectra still reveal
large hyperfine fields. A comparison of the magnetic moments
of Sr,FeO; g; and Sr,FeO, suggests that only about 50% of the
sample volume in the former shows long-range magnetic order
detectable in PND experiments. This compares well with the
area fraction of about 45% magnetically ordered phase in the
30 K Mossbauer spectrum of Sr,FeOj; g5, whereas the other part
is already paramagnetic. This fraction can be assigned to
smaller magnetic clusters which do not contribute to magnetic
Bragg reflections in the PND pattern. In Sr,FeO; g, the coher-
ence length is reduced and in fact the Mossbauer spectra of
a sample at 30 K (Fig. S4, ESIt) show a decreased fraction of
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magnetically ordered sites which suggests a larger fraction of
small magnetic clusters.

It is reasonable to attribute the long-range ordered magnetic
regions detectable by powder neutron diffraction to regions
where the exchange network is intact enough to maintain a
spiral spin structure while the smaller clusters correspond to
more disturbed regions. The varying magnetic properties may
be related to some inhomogeneity in oxygen deficiency x but it
is not clear whether there is a real phase separation which
would imply vacancy clustering or ordering. It is known that the
magnetic properties of perovskites featuring partial cation
order at the transition metal site indeed depend much on the
local composition and structure which is not readily apparent
from diffraction studies but requires additional microstructural
investigations.”” Our Méssbauer studies described above
and the spectra depicted in Fig. S5 (ESIf) indicate possible
variations in the microstructure in Sr,FeO,_, materials from
different synthesis runs.

4. Conclusions

In this work we have explored the K,NiF,-type oxygen-deficient
system Sr,FeO,_, by heating stoichiometric Sr,FeO, in well-
defined oxygen partial pressures which were controlled by solid
state electrolyte coulometry. Heating to temperatures up to
550 °C allows to prepare samples with x up to about 0.2, while
annealing at higher temperatures leads to decomposition into
SrO and Sr;Fe,O,_,. The change of lattice parameters with
increasing x suggests that oxygen atoms are mainly removed
from the FeO, planes, which has drastic consequences for
the magnetic properties. Our magnetization, Mdssbauer, and
powder neutron diffraction studies on Sr,FeO,_, samples with
x = 0.13 and x = 0.16 suggest fragmentation of the magnetic
exchange network owing to the oxygen defects and the creation
of Fe’" sites. This leads to the coexistence of larger domains
which are long-range ordered and possibly adopt a circular
helical spin structure and smaller magnetic clusters with
reduced ordering or freezing temperatures. Further studies on
Sr,FeO,_, and related cation substituted phases including
transport measurements may be of interest with respect to a
potential relevance of the system for applications as mixed
anionic conductors below 700 °C and in catalysis.
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