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The crystal and magnetic structures of Sr;Fe;O¢S, (—=SrzFe,OsFe,0S,)
and Sr4Fe,0,S, (=SrsFe,O6Fe,0S,), designed using a building-block
approach, are reported. They are fully charge-ordered with Fe?* and
Fe** ions in distinct layers showing independent long-range magnetic
order. Complex microstructures in some regions suggest new targets.

Mixed-anion compounds are a growth area of solid-state chemistry.
Layered structures are often adopted due to anion ordering and
desirable properties include tuneable bandgap energies for
semiconductors,” promising thermoelectric properties,” high-
temperature superconductivity’ and complex magnetism.” A fruit-
ful design method for oxide chalcogenides® is to use as building
blocks individual layers or slabs found in known compounds, and
combine them in new ways to target new structures and
compositions. We proposed new targets containing the stron-
tium iron oxide slabs from Sr;Fe,OsCu,S, or Sr,FeO;CuS°
combined with the iron oxide sulfide layer in Sr,F,Fe,0S,.”
The similar basal lattice parameters of these compounds sug-
gested 1:1 intergrowths might form.

These targets, conveniently formulated as Sr;Fe,OsFe,OS,
(compound 1) and Sr,Fe,O¢Fe,08S, (2), were synthesized in high
purity from SrO, Fe,O3, Fe, and S by ceramic solid-state synthe-
sis in alumina crucibles within evacuated sealed fused silica
tubes heated at 1 °C per minute to 900 °C (enabling sulfur to
react before attaining a high vapour pressure) with a dwell time
of 48 hours resulting in black powders stable to ambient air.
Full synthetic details are in the SI. Structural models were
devised by constructing 1:1 intergrowths as indicated above,
with appropriate interatomic distances, and these accounted
well for the powder diffraction patterns of both new products.
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Both phases contain iron in distinct Fel and Fe2 layers and in
two different coordination environments: a square pyramidal
[FeOs] unit (Fel—initially assumed to contain Fe*") and a
distorted octahedral [FeO,S,] unit with O atoms arranged trans
to one another (Fe2—initially assumed to contain Fe*"). 1 crystal-
lizes in the primitive tetragonal space group P4/mmm with layers
of basal-vertex-linked [FeOs] pyramids joined via apical oxide
vertices to form double-thickness layers of [FeOs] pyramids
(Fig. 1a). 2 (Fig. 1b) crystallizes in the body-centred tetragonal
space group I4/mmm with adjacent layers of basal-vertex-linked
[FeOs] pyramids separated and shifted by (a + b)/2 in the basal
plane, effectively by the insertion of a rock salt layer SrO into the
oxide slab present in 1 (Fig. 1c and d). In addition to the different
Fe-sites within the phases, there are also different sites occupied
by the Sr** cations, 12- and 8-coordinate sites in 1 and 9- and
8-coordinate sites in 2 (Fig. S2).

Fig. 2 shows Rietveld refinements against synchrotron X-ray
powder diffraction (XRPD) patterns (beamline 111 (Diamond
Light Source (DLS))) (Table 1).® Neutron Powder Diffraction
(NPD) used beamlines D1B, D2B, and XtremeD at the Institut
Laue Langevin (ILL)> ™" to better locate O atoms (Fig. S1 and

a)
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Fig. 1 Crystal structures of (a) 1. SrzFe,OsFe,OS, (=SrsFe4OgS,) and
(b) 2: SrqFe,OgFe,OS, (—SrsFe,05S;). (c) shows apically connected FeOs
pyramids in 1 and (d) shows separation of these pyramids by insertion of
SrO in 2.
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Fig. 2 Rietveld refinements (300 K) against XRPD patterns (111, DLS) of
(a) 1: SrzFe;0OsFe;0S; (Ruwp = 3.956%) and (b) 2: SraFe,OgFe;0S; (Ryp =
4.811%). Observed (black), calculated (red) and difference (grey) curves are
shown. See also Table 1 and Table S1.

Tables S1b and S2). Refinements showed that all sites were fully
occupied within the uncertainties of the refinements. Fe-O and
Fe-S bond lengths indicated the more oxophilic Fe*' in the
[FeOs] square pyramids and Fe** ions in the [Fe0,S,] octahedra.

NPD data from D1B (Fig. 3) were used to deduce the
magnetic structure of 1. Low-angle peaks of magnetic origin,
present at 300 K, gain little intensity on cooling, indicating
magnetic long-range order (LRO) well above room temperature.
Further magnetic reflections below 115 K indicate further
magnetic ordering (Fig. 3b). At 300 K, the magnetic peaks of

1 can be indexed on a v/2a x v/2a x 2¢ expansion of the nuclear
cell and testing of possible antiferromagnetic models revealed
that the intensities could be fully accounted for by LRO of only
the Fe®" ions on the Fel sites. Within each [Sr;Fe,05]*" slab,
Fe®* moments order antiferromagnetically via Fe-O-Fe 163.7°
super-exchange interactions involving the bases of the square
pyramids and are oriented within the basal plane. The Fel
moments are also coupled antiferromagnetically via 180°
Fe-O-Fe super-exchange through shared apical oxides. This order-
ing is similar to that in the related AesFe,05Cu,Ch, (Ae = Ba, Sr, Ca;
Ch = S, Se).”™" The longrange ordered moment saturates at
4.07(5)up per Fel in 1 below 160 K, diminished from the expected
5ug for a high-spin d@> Fe*" cation due to covalency.

NPD may, in principle, not always provide a unique magnetic
model."* In 1 a single-phase magnetic model at 300 K has Fel
moments collinear within a slab, but rotated in adjacent slabs
by 73° relative to one other (Fig. 4b); this rotation angle
increases to 85° at 5 K. A two-phase model indistinguishable
by powder diffraction is discussed in the SI. The Fe*" ions on the

Table 1 300 K unit cell information for SrzFe,OsFe,OS, (1) and SrsFe,Os.
Fe,OS, (2)

1 - Sr3Fe,O5Fe,0S, 2 - Sr,Fe,O¢Fe, 08,

Space group P4/mmm (No. 123) I4/mmm (No. 139)

a (A) 3.9615(6) 3.945892(8)
N 13.519(9) 31.9730(1)
V(A% 212.18(1) 497.822(3)
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Fig. 3 NPD patterns D1B (ILL) and Rietveld fits for SrzFe,OsFe,OS, (1) at
(a) 300 K (Ryp = 6.993%) here black triangles indicate magnetic reflections,
(b) 5K < T < 300K, and (c) 5K (Ryp = 7.602%) here black triangles indicate
magnetic reflections emerging below 115 K. Observed (black), calculated
(red) and difference (grey) curves are shown.

Fe2 sites in 1 show magnetic LRO below 115 K. New magnetic
peaks saturated at 5 K were indexed on a 2v/2a x 2v/2a x 2¢
expansion of the nuclear cell. The ordering scheme (Fig. 4c) was
deduced by comparison with related compounds and the mag-
nitude of the long-range ordered Fe>* moments (3.33(7)us) are
similar in phases containing exclusively these magnetic layers:
La,0,Fe,08, (3.30(4)us),"> Sr,F,Fe,08, (3.3(1)us),"® and La,0,-
Fe,0Se, (3.50(5)ug)."”

72.75°

Fig. 4 (a) Refined magnetic structures for SrzFe,OsFe,OS, (1) at 300 K
(Fel order with a v2a x v2a x 2¢ supercell expansion; nuclear cell is
outlined). (b) Rotation between spins in adjacent Fel double layers
required for a single-phase model (see SI for an equivalent 2-phase
model). (c) Fe2 layer ordering found in both 1 and 2 within the ab plane
with exchange pathways indicated.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Rietveld refinements for SryFe,OgFe,OS, (2) (NPD data (XtremeD,
ILL) at (a) 300 K (Rup = 4.75%) and (b) 5 K (R, = 4.08%); observed (black),
calculated (red) and difference (grey) curves are shown, and the red
triangle indicates an asymmetric magnetic peak (see text). (c) 300 K and
(d) 5 K magnetic structures; nuclear cell is outlined.
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The magnetic structure of 2 was determined by NPD (300 K
on GEM (ISIS facility) (Fig. S12) and on cooling on XtremeD
(Fig. S13) and D2B at ILL (Fig. S1c, S1d and Table S3)). Like in 1,
only Fe*" cations (Fel) are ordered at room temperature with

magnetic peaks indexed on a v/2a x v/2a x ¢ supercell. Antiferro-
magnetic ordering of Fel moments within the sheets of basal-
vertex-sharing [FeOs] square pyramids was found to be similar to
that in 1, but separation of the sheets by insertion of an SrO layer
into the oxide slabs and the loss of the strong Fe-O,.-Fe super-
exchange means the ordered moment (2.14(2)ug) is unsaturated at
300 K, but it saturates at 3.7(2) per Fe*" ion (comparable to in 1) at
5 K. The Fel moments in 2 are best modelled as tilted from the ¢
axis by 56(1)° at 5 K. As in 1, other related models are indis-
tinguishable in a powder measurement (see SI). Note that high-
spin d®> moments, as on the Fel sites in 1 and 2, have very weak
directional preference.'® The Fe2 site moments on Fe®" cations in
the Fe,O sheets of 2 order below 150 K in a similar pattern to that
in 1 on a 2v/2a x 2v/2a x ¢ expansion of the nuclear cell (see
Fig. S14). The Fe** moment refines to 2.1(1)ug at 5 K, somewhat
lower than in 1. In 2, there is a mismatch in the Rietveld
refinement at 5 K for an asymmetric magnetic peak around
40.6° in the XtremeD data (red triangle in Fig. 5b) arising from
the Fe2 magnetic ordering. This also appears in related body-
centred compounds containing [Fe,0S,] layers (e.g. La,0,Fe,0S,)"
and has been attributed to intrinsic stacking faults in the magnetic
structure as explained in ref. 15.
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Fig. 6 >’Fe Mossbauer spectra for tetragonal SrzsFe,OsFe,OS, (1) at room
temperature (RT) (a) and 80 K (b). Fel (Fe®*) (Brown) is magnetically
ordered a both temperatures, producing sextets from the magnetic
hyperfine interaction and Fe2 (Fe?*) (Blue) undergoes long-range mag-
netic ordering below 115 K (according to NPD), and in this case the sextet is
highly asymmetric as found in compounds with related motifs.”*° The
origin of the lower population doublet (Green) required to fit the data at
both temperatures, and the second minority orange doublet at RT is
uncertain. Fitting parameters are in Table S4.

>’Fe Mossbauer spectroscopy measurements (see SI for
details) on Sr;Fe,OsFe,0S, (1) are consistent with the PND
results, showing independent magnetic ordering on the Fel
and Fe2 sites. At room temperature there is a sextet due to the
ordered Fel moments (isomer shift (§) of 0.34 mm s~ " suggest-
ing Fe**) and a doublet from the Fe2 moments (6 =0.87 mm s~ "
suggesting Fe’*)'® plus two minority doublet components of
uncertain origin (but see below). At 80 K (Fig. 6b), the ordered
Fe2 moments give a highly asymmetric sextet quantitatively
similar to those in Ba,F,Fe,OSe,, Sr,F,Fe,0S,” and Nd,O.,.
Fe,0Se,"® with related [Fe,08S,] layers, and one of the minor
doublets (6 = 0.51 mm s~ suggesting Fe**) remains (6%).

Some samples of 1 were found to show broad additional
features in the powder diffraction patterns (Fig. S3(a)) and
others were found, using synchrotron X-ray powder data, to
undergo subtle distortions which can be modelled by reducing
the symmetry to orthorhombic below 500 K (Fig. S3(b) and S4),
and this was sometimes induced by lengthy annealing. Prelimin-
ary transmission electron microscopy (TEM) measurements
(Fig. 7) on a sample of 1 which was tetragonal at all temperatures
and did not show any broad features in the powder diffraction
patterns nevertheless show the presence of diverse stacking faults
which may account for the minority Mdssbauer components, and
the occurrence of ubiquitous Fe;O, impurities. These faults
include translational faults along the stacking direction (Fig. 7b
and d) and thicker Fel-layer-related blocks (Fig. 7e), and may
suggest new targets and options for compositional and structural
tuning. Variation in such features between samples may be
responsible for the broad peaks in the diffractograms of some
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Fig. 7 High-Angle Annular Dark Field (HAADF) Scanning Transmission
Electron Microscopy (STEM) images of a tetragonal crystal of 1 prepared
using Focussed lon Beam (FIB) milling in a slice perpendicular to the a-axis
(a), to enable imaging along the [100] direction. (b) shows the occurrence
in the same crystallite of well-crystallised regions consistent with the
average structure (region 1 see (c)), and regions of complex defects.
Region 2 and (d) shows blocks translated by c¢/2, in regular ways, while
region 3 and (e) shows a much thicker Fel-type slab.

samples and the reduction in symmetry in others (see Fig. S5 for
images of a sample of 1 that is orthorhombic, or lower, by PXRD
at RT) and requires further detailed investigation. Such stacking
faults have been noted in related compounds such as Sr,FeO;.
CuSe.”® From preliminary TEM measurements (Fig. S7), com-
pound 2 seems less prone to such defects or impurities.

In summary, SrzFe,OsFe,0S, (1) and Sr,Fe,O¢Fe,0S, (2)
have been constructed using building blocks known from
existing compounds. Fe®" cations in [FeOs] square-based
pyramids are antiferromagnetically ordered at room temperature
and Fe*" cations in trans{Fe0,S,] octahedra order antiferromagne-
tically below 115 K and 150 K in 1 and 2 respectively. Single crystal
neutron diffraction experiments are required to fully resolve intrin-
sic ambiguity in the magnetic structures. We have previously
identified®" new targets from analysis of high-resolution HAADF-
STEM images, and in the case of 1, analysis of such images (Fig. 7
and Fig. S5) reveals the occurrence of stacking fault regions as well
as perfectly ordered regions showing that these compounds have
the capacity to adopt more complex structures. Future work will
involve taking inspiration from these images to target new compo-
sitions as well as tuning the magnetic interactions and electron
counts in 1 and 2 by iso- and aliovalent substitution and topo-
chemical transformations.

ANG: synthesis/analysis for 1, ARL: synthesis/analysis for 2.
SR and JH: Electron diffraction and TEM imaging/analysis. SS
and IPO: NPD data collection at ILL. MG and MLN: Mdssbauer
data collection/analysis. SJC: materials and initial concepts.
ANG drafted the manuscript with input from the other authors.
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