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The synthesis and characterization of a previously unreported B-
cation ordered BayInFeOs brownmillerite, obtained by an
unconventional ultra-high-vacuum method, are reported alongside
its cubic perovskite-type counterpart. Neutron diffraction and total
scattering studies reveal for both phases ordered oxygen vacancies
together with a layered FeO,/InOs leitmotif, which gives rise to
suppressed magnetic susceptibility and low-dimensional magnetic
behavior. This work shows that ultra-high vacuum synthesis allows
B-cation ordering to get stabilized forming new brownmillerite and
perovskite type oxides, establishing Ba:InFeOs as a model system
for studying isolated 1D-tetrahedral Fe3* chains, magnetic
frustration, and structure-magnetism relationships.

Brownmillerite oxides, with general formula A;BB’Os, form an
important family of oxygen-deficient perovskites characterised
by the ordered layering of BOg octahedra and BO,4 tetrahedra, a
motif enabled by a flexible oxygen-vacancy lattice. The
assignment of the space group often remains ambiguous due to
subtle structural changes, making it difficult to differentiate
between different types of tetrahedral chain ordering and their
corresponding space group symmetries, such as Pnma, Imma,
and /12mb.>2? Reorganization of the vacancy network under
different thermodynamic conditions enables oxygen-deficient
perovskites to access cubic or brownmillerite polymorphs
depending on the synthesis route; however, the simultaneous
occurrence of both polymorphs within a single material is
uncommon, 34

BazIn,0s is a prototypical brownmillerite,
characterized by long-range ordered oxygen vacancies and
alternating layers of InOg octahedra and InO4 tetrahedra.>® It
has been widely studied for its high oxide-ion and proton
conductivity, making it a promising electrolyte for solid oxide
fuel cells, oxygen-generation systems, and dense catalytic
membranes.®"1! Many elemental substitutions have been

well-known
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attempted in order to improve its conductivity. Ga substitution
in Baz(In1-xGax)20s modifies the structure from orthorhombic
brownmillerite (x < 0.3) to cubic perovskite (0.3 < x < 0.5), while
for x=0.5, it adopts a cation-ordered brownmillerite structure
with layered In octahedra and Ga tetrahedra.'?13 Substitution
of In3* with transition-metal cations (MT) with multiple
accessible oxidation states and coordination environments,
strongly perturbs the vacancy and thus the physical
properties.** High levels of doping in Bazln,«xMxOs (with x > 0.2)
and fluorine intercalation are known to stabilize a defect cubic
perovskite structure.'*17 An extensive study has investigated
the corresponding Fe-doped analogous cubic oxygen deficient
perovskite Bazln,«FexOs.r> Despite this, the vacancy-ordered
brownmillerite derivatives of these systems remain largely
unexplored. Here, we report the synthesis and a comprehensive
characterization of a new brownmillerite phase, BazInFeOs,
obtained under ultra-high vacuum (UHV) and stabilized via
Fe/In cation ordering. Thus, this work provides the first detailed
insight into the structural ordering and magnetic behaviour of
this previously unreported phase, highlighting the potential of
cation ordering as a strategy for stabilizing novel oxide
frameworks. Moreover, by probing both polymorphs, cubic and
brownmillerite, via neutron pair distribution function analysis,
we uncover key similarities in their local structures.
Brownmillerite BazInFeOs (BFIO-BM in the following) was
obtained by annealing the cubic perovskite precursor (BFIO-Cin
the following) at 1000 °C under UHV conditions for several days.
The BFIO-C precursor itself was prepared by high-temperature
solid-state reaction of stoichiometric In,03, Fe;O3 and BaCOs
under flowing Ar. Full synthesis details are provided in the
Supporting Information.

Laboratory powder X-ray diffraction (PXRD) patterns were
collected using a Panalytical X’'pert Pro diffractometer and
neutron powder diffraction (NPD) data were measured with the
HPRT powder diffractometer!® at SINQ spallation neutron
source of the Paul Scherrer Institute (CH), while neutron total
scattering data were collected on the disorder materials
diffractometer D4c at the ILL (Grenoble).1%20 Magnetization was
measured using a SQUID magnetometer (further details for
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Information).
Powder X-ray diffraction (PXRD) confirmed that the BFIO-C
precursor adopts the expected cubic oxygen-deficient
perovskite structure, in agreement with previous reports in the
literature®®, well indexed in the Pm-3m space group with a =
4.1562(2) A (Figure S1a). After a 4-days annealing treatment at
1000 °C in UHV, the material undergoes a complete
transformation to the brownmillerite phase BFIO-BM. PXRD
(Figure S1b) confirms the phase purity of the annealed material,
with no detectable impurity phases and lattice parameters a =
5.9410(4) A, b=15.7331(10) A, and ¢ = 6.1009(4) A. The average
and local structure was studied in more detail by neutron
diffraction. Assigning the correct space group in brownmillerite-
type structures is challenging because ordered and disordered
chain arrangements can produce nearly indistinguishable
diffraction patterns. Here, PXRD and neutron powder
diffraction (NPD) alone did not allow unambiguously to
discriminate between the /12mb and Imma models, both of
which give comparably good refinements (Fig. 1 and S2), while
the Pnma was excluded as no /I-centering—forbidden reflections
were detected. However, pair distribution function (PDF)
analysis of BFIO-BM reveals that both the average and local
structures are well described by the 12mb symmetry (fitting
residuals Rw = 15%, Fig. 2a and Table S3, Supplementary
Information), whereas the Imma model fails to provide an
adequate fit to the PDF data (Rw = 43%, Fig. S3). Accordingly,
neutron powder diffraction (NPD) Rietveld refinements were
subsequently performed in the /I2mb space group (Fig. 1a), and
the refined atomic coordinates are summarized in Table 1. The
refined site occupancies confirm that, within experimental
uncertainty, the tetrahedral sites are exclusively occupied by Fe,

methods are given in the Supplementary
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Fig. 1 Rietveld refinements of NPD data at RT of (a) the cubic Pm-3m oxygen deficient
perovskite BFIO-C and (b) of the orthorhombic /2mb brownmillerite BFIO-BM. The
cyan line in (a) represents the background, in which modulations can be observed.
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while In occupies the octahedral sites, providing.campelling
evidence for long-range cation orderif!in0 BRIOIBIVLOBGAd
distances (reported in Table S2) indicate that the InOsg
octahedron is slightly distorted due to the structural
connectivity, with In—-0 bond lengths ranging from 2.13-2.30 A,
although the O—In—0 bond angles remain close to 90° and 180°,
in line with values reported for a related brownmillerite oxide.13
The FeO, tetrahedra are significantly distorted, exhibiting a
widened O—Fe—0 angle of up to 130°, while the remaining bond
angles fall in the range 102—-108°. The Fe—0O bond lengths split
into two distinct values (1.85 A and 1.91 A), indicating a quite
pronounced deviation from ideal tetrahedral geometry. The
calculated bond valence sums (BVS) for each ion (Table 1) are
close to their expected formal valence states, supporting the
assignment of Fe3* and being consistent with oxygen
stoichiometry. Overall, for BFIO-BM, the structures refined from
PDF and NPD analyses are consistent within the experimental
uncertainties. In addition, PDF results show no evidence of
short-range disorder, with only minor variations in the In—O
bond distances (Fig. 3). On the other hand, several oxygen-
deficient  perovskite  polymorphs, both cubic and
brownmillerite, have been shown to often preserve an ordered
oxygen-vacancy configuration.3421724 Consistent with this
picture, some modulations in the diffuse background of the
neutron powder diffraction pattern are observed for BFIO-C
(Figure 1a), which are absent in the X-ray diffraction data and
are indicative of local structural correlations beyond the
average crystallographic model. A possible origin of this
behaviour can be found in the twin-domain complexity of
perovskite-related oxides. Indeed, nanoscopic intergrowths
comprising up to twelve distinct orthorhombic twin domains
have previously been reported within structures that appear
macroscopically cubic.?®> Thus, the superposition of multiple
twin domains in cubic BFIO-C can account for the unusually
large atomic displacement parameters refined for all atoms in
the Rietveld analysis (Fig. S8, Table S4).

Table 1. Crystal structure parameters of BFIO-BM obtained from Rietveld neutron data
refinements against the 12mb space group. Lattice parameters: a = 5.9410(4) A, b =
15.7331(10) A, ¢ = 6.1009(4) A (R, = 2.74%; Rup = 3.65%; Raragg = 2.16%, Rr= 1.8 %, 32 =
1.84). Data obtained on HRPT at PSI (A = 1.494A).

Atom X y z Uiso (A2) Occ.  Site  BVS
Ba 0.5066(25) 0.8824(2) 0.0026(5) 0.0058(7) 1.0  8c 1.93(3)
Fe 0.0108(21) 025 0.0613(4) 0.0072(7) 0.98(7) 4a 2.98(6)
In 0.00 0.00 0.00  0.0124(16) 1.02(7) 4b 2.80(4)
01  0.2498(3) 0.0117(2) 0.2516(2) 0.0100(8) 1 8¢ 2.03(3)
02  0.0225(16) 0.8563(2) 0.0694(5) 0.0122(9) 1 8¢ 1.76(7)
03 0.7692(22) 075  0.7316(2) 0.0120(16) 0.97(5) 4b 2.07(3)

Figure S4 presents the neutron PDF G(r) in the nearest-
neighbour region (1 A < r < 4.5 A) for both BFIO-BM and the
nominally cubic BFIO-C phases at room temperature. For
reference, the interatomic distances, expected for an average
cubic perovskite model (Pm—3m, a = 4.1562(2) A), are indicated
by dashed lines. For BFIO-C, the first two prominent peaks,
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corresponding to (Fe/In)-O and Ba—-O nearest-neighbour
distances, are clearly splited and closely resemble those
observed for BFIO-BM. This demonstrates that, despite the
apparent average cubic symmetry of BFIO-C, the local
coordination environment is highly distorted and closely related
to that of the brownmillerite phase. At shorter length scales (r
< 5 A), the experimental G(r) is therefore better described by a
brownmillerite-like local structure (inset Fig. 2b), reflecting
locally ordered oxygen vacancies and alternating coordination
geometries. PDF analysis assuming cationic disorder (i.e., sites
occupied by 50% In and 50% Fe), however, fails to fit the
experimental data (see Fig. S5), whereas a local Fe/In ordering
can be nicely fitted in the low-r region, confirming for the first
time a B-cation order despite the average cubic symmetry. Only
at larger interatomic distances, the PDF gradually converge
toward the average cubic description, indicating that long-range
disorder averages out these local distortions (Figure 2b). This
crossover from local brownmillerite-like order to average cubic
symmetry highlights the coexistence of short-range order with
long-range disorder. Importantly, this local structural behaviour
implies a layered sequence of alternating InO¢ octahedra and
FeO4 tetrahedra, characteristic of brownmillerite-type vacancy
ordering. Previous X-ray PDF investigations of BalngsFeps025s
have already revealed deviations from ideal cubic Pm-3m
symmetry at short range, pointing to local structural
heterogeneity.'® They were, however, insufficient to determine
Fe/In cation ordering. In the present work, neutron PDF analysis
here provides a clearer picture of local distortions. Although Fe
and In have comparable scattering contrast in X-rays and
neutrons (with reversed ratio), neutrons benefit from Q-
independent scattering lengths, enabling reliable high-Q data
and higher real-space resolution. As shown in Fig. S7, only
neutron PDF data can clearly distinguish between ordered and
disordered B-site cation arrangements. Thus, neutron PDF
results provide compelling evidence for B-site cation ordering
together with oxygen-vacancy ordering persisting over short
length scales in both BFIO-BM and BFIO-C.

1@  r2mb 2 8 A
" ‘H’\jvvrv\\

Pm-3m

10 12 14 16 18 20 22 24
r(A)

Fig. 2: (a) PDFgui refinement of orthorhombic BFIO-BM (I2mb) over r = 1-25 A (Ry =

15%). (b) Short- and long-range G{(r) of BFIO-C refined with /2mb for 1-5 A and Pm-3m

for higher r; inset shows short-range region. Black open circles are the experimental
data and the red line is the profile fitting, while the blue line is the difference.
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Figure 4a displays the temperature dependencg,pfthe, RC
magnetic susceptibility of BFIO-BM, undéiField €38(e6{FeidAd
zero-field-cooled (ZFC) conditions. Measurements were
performed between 2 and 300 K in an applied field of 1000 Oe,
with ZFC data extended up to 400 K. Neither FC nor ZFC data
show signatures of long-range magnetic ordering down to 2 K.
The BM phase shows overall lower susceptibility values
compared to the cubic phase (Fig. S6), whose magnetic
behaviour is consistent with previous reports.?> Field-
dependent magnetization (Fig. 4b), measured at 300 and 15 K
over x50 kOe, reveals linear behaviour at 300 K, indicative of
paramagnetism. At 15 K, the M(H) curve remains nearly linear
across the full field range, with no hysteresis or saturation; only
a slight low-field curvature is observed, possibly indicating the
presence of magnetic correlations. The temperature-
dependent magnetic susceptibility of Ba.InFeOs exhibits a linear
%t vs. T relationship above 290 K, indicative of paramagnetic
behaviour, while deviations occur at lower temperatures. A
Curie—Weiss analysis was therefore restricted to the high-
temperature region (T = 290 K), where the extracted effective
magnetic moment (5.65 + 0.7) s is close to the spin-only value
for Fe3* (S = 5/2, uesr = 5.9 ue), although the restricted
temperature interval used for the fit inherently limits the
precision. The deviation from Curie-Weiss behaviour at lower
temperatures indicates the development of short-range
magnetic interactions, which likely hinder long-range ordering
and suggest low-dimensional magnetic behaviour. Such
magnetic properties are consistent with previous reports on
Sr,ScFeOs, the only brownmillerite phase so far reported in the
literature where Fe3* exclusively occupies tetrahedral sites.3
The absence of long-range magnetic order, despite local
interactions, highlights the influence of the brownmillerite
framework, where alternating FeO and InO, layers spatially
isolate magnetic exchange pathways. These results emphasize
how cation ordering and coordination geometry govern
magnetic dimensionality, providing a platform for exploring
low-dimensional magnetism in complex oxides. This magnetic
behaviour can be understood in terms of the brownmillerite
crystal structure, which consists of alternating magnetic FeO
layers and non-magnetic InO; layers, with an average
separation between adjacent FeO layers of about 8 A.
Moreover, Rietveld refinements reveal distorted FeOa4
tetrahedra, modifying Fe—O—Fe bond angles and thus super-

Fig. 3: BFIO-BM brownmillerite structure with oxygen-vacancy layers forming
alternating InOg (gray) and FeO, (blue) chains in I2mb symmetry (Ba omitted).
Schematic of polyhedra and bond lengths obtained from PDF refinement. Structure
drawn with VESTA.2?

J. Name., 2013, 00, 1-3 | 3
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Fig. 4. (a) Temperature dependence of the field-cooled (red dots) and the zero-field-
cooled (blue dots) molar magnetic susceptibility (x) of BFIO-BM. The inverse
susceptibility 1/)(, shown in the inset, is fitted with the Curie-Weiss law (red line) in
the 290 — 300 K interval. (b) Magnetisation field loops at 15 K and 300 K.

exchange interactions. These features are expected to weaken
interlayer coupling and promote reduced magnetic
dimensionality. Although the presence of minor magnetic
impurities cannot be completely ruled out, both PXRD (Fig. S1b)
and M(H) measurements suggest that any secondary phases lie
below the ~1% detection limit, supporting an intrinsic origin for
the observed magnetic behaviour.

In conclusion, this work reports the first synthesis and
comprehensive characterization of the brownmillerite-type
BazInFeOs. In contrast to previously studied Fe-doped BazIn,0s
systems?®, which are stabilized only in the defect-cubic form at
high Fe content, BazInFeOs represents an interesting example
of a fully ordered Fe/In brownmillerite stabilised under ultra-
high vacuum conditions. The complete cation partitioning of
Fe3* into tetrahedral sites leads to the formation of structurally
isolated 1D-FeQ4 chains, in contrast to the mixed coordination
environments typically observed in related systems.26730 This
unique structural configuration gives rise to a strongly
suppressed magnetic interactions. More broadly, this work
shows that UHV synthesis can stabilise previously inaccessible
cation-ordered states in oxygen-deficient perovskites, enabling
new control of their structure and properties. Detailed neutron
diffraction and pair distribution function analyses provide
compelling evidence for both long- and short-range ordering of
oxygen vacancies together with B-site cations for both, the
brownmillerite and, for the first time, in the perovskite-type
polymorph. Complementary magnetic measurements reveal a
suppressed, low-dimensional magnetic response for BFIO-BM,
consistent with the layered brownmillerite framework. The
stabilization of Fe3* exclusively within tetrahedral chains has
important consequences the magnetic behaviour,
promoting low-dimensional interactions. Together with
neutron PDF analysis, results show that targeted
synthesis can stabilize unconventional cation orderings and
extend brownmillerite-related structures beyond conventional
limits.
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The data supporting this article have been included as part of the supplementary information (Sl).
Supplementary information: sample preparation, powder X-ray diffraction, powder neutron
diffraction, structural model and magnetic measurement. Neutron total scattering data obtained on
D4c at the ILL are available through http://doi.ill.fr/10.5291/ILL-DATA.6-06-532.
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