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Abstract

A series of mixed-metal Aurivillius oxyfluorides of ideal formula [Bi,0,][Fe;.«M,F.] was synthesized by
hydrothermal synthesis with M = Mn, Co, and Ni. We first re-examined the Fe-only compound and
deduce that despite the observation of inhomogeneous lattice parameters between batches, the iron
valence remains constant around Fe~2°* in all samples measured by Mdssbauer spectroscopy. The
mixed valency charge compensation is mainly assigned to the formation of Bi vacancies. For the mixed
Fe/M phases, the most common observation by various diffraction techniques, of long-range ordering
between tilted [(Fe,M)Fs] octahedra in the perovskite layers is reminiscent of the Fe, Co, and Ni parent
members. This validates the possibility for well-defined anion-ordering, despite the mixing of cations
with different ionic radii. A qualitative matching between the lattice evolution along the Fe/M solid
solutions and our DFT relaxed ideal models supports this idea. Differences in the magnetic structures
are observed between the single-metal and the mixed Fe/M compositions, while keeping ordered
magnetic structures and escaping spin-glass behavior despite disordered Fe/M ions. In contrast to the
non-colinear antiferromagnetic spin arrangements obtained in most of the parent cases, the majority
of the mixed Fe/M compounds show a colinear structure with spins aligned along the c-axis, similarly
to the single-metal M =Mn?* (L=0) case in which spin-orbit coupling is absent. It suggests the
predominant role of the spin contribution to the ordering of the magnetic moments as soon as both
Fe and M intervene.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 22 borgeméannu 2025. Downloaded on 2025-09-08 07:33:57.

Introduction

As a general principle, the oxyfluoride structural edifices exhibit more ionic M-F bonds and more
covalent M-0O bonds due to the superior charge and polarizability of the oxide anions. In this frame,
the Aurivillius oxyfluorides emerge as intriguing modifications of their parent layered ferroelectric
oxides. Indeed, starting from their modular developed formula (Bi;O;)siuorite(An-1MnO3n+1)perovskites the
incorporation of F- anions in the perovskite slabs allows the stabilization of stoichiometric n=1
members with M transition metals in an oxidation state lower than +6, usually found in the well-known
(Bi,0,)(M®*0,), M =Mo, W oxides. This leads to phases such as (Bi,0,)((Nb/Ta/V)>*OsF) and
(Bi,0,)(Ti**0O,F,) ¥3, in which the ferroelectricity is ambiguous due the combination of O/F mixed and
split positions 377. Surprisingly, an antiferroelectric behavior, i.e., transitioning from a non-polar to a
polar phase under an electric field, was recently demonstrated for (Bi,0,)(Ti**O,F,). This structural
change is governed by an original mechanism involving the rotation of the [TiOsF;] octahedra within
the perovskite layers. The resulting shifts of 0> and F ions along the c-axis are often different in
magnitude and correlated to their different valence .

This aspect further highlights the broad range of interests for heteroleptic coordination of transition
metal centers. Another significant step forward was achieved by the preparation of n=1 Aurivillius
oxyfluorides with the ideal formula (Bi,0,)(M?%*'F,) containing paramagnetic 3d" transition metal ions
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ordered supercells, and their magnetic structure evolves from colinear to canted magnetic spin
orientations, depending on the electronic configuration of the metal ion. For instance, the combination
of a canted spin structure and a polar nuclear superstructure allows for multiferroicity in the M = Fe
case 2. Conversely, the M = Mn?* (d®) case reveals structural disorder between F- anions, results from
various equiprobable arrangements between tilted [MnFs] octahedra due to their low-energy crystal
field distortion modes, and possible lattice defects 1. Combining two transition metals within the
perovskite structure is also an effective approach to modify the magnetic properties while
tuning/inducing functional properties. For instance, YFeO;'> and YCrO;! exhibit canted
antiferromagnetic ordering around 640 K and 140 K, respectively. In contrast, YFe;5CrosO3; shows
magnetization reversal with a high compensation temperature . In this context, the synthesis and
investigation of mixed-metal (Bi,0,)(Fe.«M\Fi) emerges as an interesting method to enforce
octahedral disorder and to evaluate the impact on the lattice. Here we first re-examine the Fe
compound with evidences of significant variations of lattice parameters and Fe oxidation states, due
to hardly-controllable defects even for a single targeted ideal (Bi,O,)(FeF,;) composition. Then, we
investigate the Fe/M solubility for M = Mn, Co, and Ni in the Aurivillius oxyfluorides. Special attention
was paid to the dispersion of the lattice parameters for similar targeted Fe/M composition, which
suggests the onset of various lattice defects including Bi vacancies, like present in the single-metal
M = Fe case®. As expected in 2D mixed-cation systems, both the Fe/M random distribution but also the
overlap between the Fe/M 3d levels with shifted energies mediated by hybridized anionic ligands is
expected to create high structural (anionic) and magnetic disorder. This was investigated by means of
electron diffraction, neutron and X-ray powder diffraction, and magnetic measurements, together
with DFT calculations.

Experimental

Synthesis of the mixed Fe/M Aurivillius phases

The samples have been prepared by hydrothermal synthesis in Parr General Purpose Acid Digestion
Vessels 4749 with A280AC 23 mL Teflon liners. For a typical synthesis of 2 g batches, 12 drops of
hydrofluoric acid (40%) were diluted in 10 mL of deionized water. The transition metal fluorides were
weighted in an argon filled glovebox and ground with bismuth(lIl) oxide (previously decarbonized at
600 °C for 12 h) in open air conditions before adding them to the acidic solution. The closed vessels
are heated for 3 h up to 230 °C, kept at this temperature for 72 h, and cooled down to 25 °Cin 1 h. The
product was filtered, washed with deionized water as well as ethanol, and dried at 100 °C for
approximately 1 h. Many variations of this protocol were tested to increase sample purity of the
targeted composition of Bi,O,FeF,, resulting in the cell parameter distribution presented in Figure 1a,
detailed reactant quantities, temperature profiles, water volumes, etc... are extensively listed in Table
S1-3. In Table S1, we also report the wt % of each phases identified and quantified by XRD-Rietveld
refinements for all samples measured magnetically and/or by neutron powder diffraction (NPD).

The ratios of FeF, (Alfa Aesar, 98%), MF, (CoF, Alfa Aesar 99.99%, NiF, Thermo Scientific 97%, MnF,
Sigma Aldrich 98%), and Bi,0; (Johnson Matthey Chemicals Limited 99.9%) were optimized through
trial and error to minimize impurities, detailed stoichiometric ratios are also listed in Table S1-3.
Overall, BiOgysF,, BiOF, and Bi,F,,05 side products are obtained on the bismuth rich side and Fe,0s3,
FeF,, FeF;, Fe,Fs(H,0),, FeOq3(0OH)q7(H,0)0175F, and most likely mixed-metal compositions of those
compounds not yet reported in literature, are obtained when working in excess of the transition
metals. Perfect ratios could not be achieved as both bismuth and transition metal impurities are
observed close to the optimized ratios, most likely due to decreasing solubility of the fluorides in
hydrofluoric acid during the cool-down to room temperature. This leads to the precipitation of
impurity rich phases essentially on top of the targeted product. For this reason, the top layer was
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systematically removed, to increase purity, but all samples still contain sizable amounts 8&1%%3@ it “C&?S“;He
sometimes visible in magnetic measurements and neutron diffractograms. This precipitation cannot
be avoided since the reaction vessels cannot be opened at high temperature. The ratios used for

different compositions are listed in Table S1.”

Technical details

XRPD: Room temperature X-ray powder diffraction (XRPD) was carried out using a Bruker D8 Advance
in Bragg-Brentano geometry (Cu-K,).

NPD: Low temperature neutron powder diffraction (NPD) patterns were recorded on the D1B
(A = 2.52 A) diffractometer at Institut Laue-Langevin (ILL) in Grenoble. Additional high resolution room
temperature data is obtained using the high-resolution diffractometer D2B (A = 1.59 A).

Data analysis and presentation: Rietveld refinements of the powder data were carried out using
Fullprof (V7.30) . Irreducible representations were taken from BasIReps and the Shubnikov groups
are determined from the generated .mcif using the ISOCIF tool of the ISOTROPY Suite 6. Plots were
created in Origin 2021b. Pictures of crystal structures are prepared in Diamond (V4.5.1).

Magnetic measurements: Magnetic measurements are done on a Quantum Design PPMS 9T DynaCool
magnetometer. For zero field cooled (ZFC) measurements the samples were cooled down to 1.5 K
without an external magnetic field and the data is recorded on heating in an external field of 0.1 T. The
field cooled (FC) data were then recorded in the same external field on cooling.

Méssbauer spectroscopy: >’Fe Mossbauer spectra were recorded in transmission with constant
acceleration in a Halder-type spectrometer equipped with a >’Co(Rh) source (1.5 GBq). The *’Fe isomer
shifts are referenced to room temperature a-Fe®. The Mdssbauer hyperfine parameters (isomeric
shift §, quadrupole splitting 4, Lorentzian line width [, and relative area) were refined using
homemade programs and WinNormos 7.

TEM: A FEI Tecnai G2-20 twin (200kV) transmission electron microscope (TEM) was used to do selected
area electron diffraction (SAED, or short ED) combined with EDX analysis on selected particles of the
powders. Energy dispersive X-ray spectroscopy (EDX) permits elemental analysis. The powder was
prepared in form of an alcohol suspension dropped on carbon supported copper grids followed by
evaporation of the alcohol under ambient conditions.

DFT calculations: Theoretical calculations were performed within Density Functional Theory (DFT)
using the Vienna Ab initio Simulation Package (VASP) 1829, The Generalized Gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) functional was employed for electron exchange and
correlation %1. Atom cores are described through the projector augmented wave (PAW) method 2. The
kinetic energy cutoff for plane wave expansions was set to 400 eV for all calculations. Atomic positions
were optimized until forces were converged to lower than 103 eV/A. A Hubbard U correction has been
added using the GGA+U method 2 with U= U - J = 4 eV. The electronic convergence criterion of 108
was used. We used the ~5.5 A, ~5.5 A, ~16.5 A cell and a 4x4x2 Monkhorst-Pack mesh for the Brillouin
zone sampling ?*. For the magnetic exchanges, we used similar spin-polarized Heisenberg models as
used in our former works on Fe, Ni, and Mn 811,
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Results and discussion

Fe valence and Lattice flexibility in (Bi,.,0,)(FeF,)

The underlying reason for the preparation of mixed Fe/M phases is the prior experimental evidence of
magneto-electric coupling at Ty, canted antiferromagnetic ordering, and electric polarization loops in
(Bi,x0,)(FeF,), the typical signatures of multiferroics 2°. Therefore, prior to the investigation of the
mixed phases, we re-examined the parent Fe compound in complement to our initial work. Structurally
the Aurivillius oxyfluorides phases concerned here ideally consist of the stacking of fluorite (Bi,0,)*
and (M?*F,)? perovskite blocks. However, in our initial study we reported that the iron valence was
significantly shifted higher than its ideal Fe?* valence, up to Fe~2°*. This deviation is compensated by
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the formation of ~10% of Bi vacancies, as refined from single crystal XRD data, while keeBH}%&_}f&@%
[FeF,] formula for the perovskite units® Moreover, in our recent investigation of the M =Mn
compound !, other plausible lattice defects emerged from electron microscope annular dark-field
imaging and thermal analyses, such as O<F antisite disorder or substitutions combined, or not, with
Bi vacancies. These defects might also, to a lower extent, be present in the Fe case impacting lattice
constants and other structural characteristics.

Therefore, while accurate investigation of such defects by theoretical calculations is beyond the scope
of this paper, we looked for correlation between the synthesis conditions and the a and c lattice
parameters of the average (/4/mmm) cell, refined from XRD data (Figure, Table S2). For four of these
samples, the iron valence was determined by Mdssbauer spectroscopy, see Figure and Table 1 for
experimental and fitting details. Experimentally, samples A and B were prepared as explained above
for “standard” samples while sample C was prepared for a lower total amount of precursors (~0.5g).
For sample D the solvothermal treatment was achieved in a 50-50 mixture of ethanol and deionized
water. Their XRD patterns are gathered in the Fig. S1. The main goal of this preliminary study before
mixing Fe/M cations is to probe divergences between batches with the same targeted compositions.
For all samples we found two main components Fe?*(A) and Fe3*(A) intrinsic to the major Aurivillius
phase. In two of the four samples examined by Mdssbauer spectroscopy (samples A and D) , we also
find a Fe?*(B) contribution, whose fitted parameters approach those of Fe(OH), and FeF, 26-28. This
secondary phase contribution was not properly assigned by XRD. The average Fe oxidation numbers
given in Table 1 were calculated from the Fe3*-Fe?* relative proportions that were corrected
considering the Lamb-Mé&ssbauer factors (f) of Fe3* (0.77) and Fe?* (0.57) at 293 K (f factors were
estimated from low-temperature measurements performed on batch C).

Table 1: Bi,.,O,FeF,. Refined >’Fe Mdssbauer hyperfine parameters (isomeric shift §, quadrupole splitting 4, and line width I
from room temperature (293 K) measurements on four different batches of Bi,.,O,FeF,. Batch B was included in a previous
publication 8. The oxidation states are given after correction by the Lamb Méssbauer factors reported in the text.

Batch  Species &6/mms® A/mms?! [/mms! area/% Ox-state
Fe3+(A) 0.44(3) 0.69(4) 0.41(5) 61(5)

A Fe*(A)  1.27(6)  1.45(8)  0.49(7)  31(5) +2.59
Fe*(B)  1.36(7)  3.19(8)  0.24(7) 8(5)

5 Fe™*(A)  0.43(3)  0.48(5) 0.49(3)  59(3) 2.5
Fe*(A)  1.29(3)  1.46(6)  0.47(5)  41(3) :

c Fe™*(A)  0.40(3)  0.67(4)  0.44(5)  63(5) 2,56
Fe"(A)  1.25(5)  1.55(6)  0.46(5)  37(5) :
Fe*(A)  0.37(3) 0.8(1) 0.35(9)  47(5)

D-eth  Fe(A)  1.25(8) 1.4(2) 0.50(-)  31(5) +2.45

Fe*(B)  1.44(8) 2.6(2) 0.40(-) 22(5)

Page 4 of 18
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Figure 1: Bi,.,O,FeF,. a) Lattice parameters a vs. ¢ obtained by Rietveld refinement in the average high symmetry 14/mmm
cell for different polycrystalline sample batches. Variations of a can be understood as intra-layer and changes along c as inter
layer effects. Triangles give lattice parameters derived from single crystals picked out of the connected batches. Red circles
indicate samples analyzed by Mdssbauer spectroscopy and colored areas are used to cluster specific synthesis conditions.
b) 5’Fe Méssbauer spectra (293 K) of four different batches A,B,C,D (see text for details) .

In average, we observe a weak dispersion of the lattice parameters (~0.4% along a, ~0.3% along c) on
polycrystalline samples which could arise from defects, but also from microstructural features possibly
systematically influencing anisotropically the lattice; and/or incorporation of water molecules either
blocking the crystal growth during the synthesis but also possibly during the preparation of the powder
XRD samples. This latter possibility is further supported by the important variation of lattice
parameters measured on single crystals and powder XRD from the same batches (see black dotted
arrows in Figure). It is difficult to further rationalize this aspect. In addition, Mdssbauer data show a
narrow distribution of iron valence of +2.45 to +2.59 measured on samples with various lattice
parameters. The oxidation state of iron seems rather homogeneous considering the inaccuracies due
to the poor statistics, even after 3 weeks of signal accumulation, due to the strong absorption of
bismuth. Importantly, the variability observed in the a parameter is not correlated to the valence state
of iron. Hence, the ~10% cationic vacancies balancing the presence of Fe3* in (BiygO,)(Fe*>°F,),
previously observed from both NPD and single crystal XRD data g, are not the main reason for the
distribution of the cell parameters. It strongly suggests the occurrence of additional defects.

The analysis of Mdssbauer spectra of four selected batches shows a medium distribution of isomeric
shifts (6) and the quadrupolar splitting (A) parameters for both the intrinsic Fe?* (6: 1.25-1.29;
A: 1.4-1.55) and Fe3* (6: 0.37-0.44; A: 0.48-0.8) contributions. This validates significantly covalent Fe-F
bonding, in agreement with the rather regular [FeFg] units and short octahedral bond distances
between 1.83 A and 2.20 A reported in the previous publication 8. Full widths at half maximum
(FWHM, N of the Mdssbauer resonance lines suggest a certain degree of disorder, on average,
compatible with the existence of local defects.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Octahedral-tilt ordering in the single-metal parent phases

Despite the lattice variations being prominent in the Fe-phases, and also observed to a lower extent in
various batches of single-metal phases with M = Mn, Co, Ni, some features of the diffraction pattern
are specific to each metal. For instance, in our previous investigation of (Bi,0,)(MnF,) ! the selected
area electron diffraction (SAED) show mainly the ideal /4/mmm disordered subcell (a, = b, ~3.8 A c
~16.5 A, where the p indices denote the analogy with perovskites) as shown Figure. These patterns are
complicated by various long-range-ordering supercell features for M = Fe, Co, and Ni compounds
(Figure) due to the cooperative combinations of equatorial and axial tilts of the [MFg] octahedra in the
perovskite layers. It reduces the symmetry from tetragonal to an orthorhombic (v2-a,, V2:b,, c)
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supercell; this orthorhombic orientation is used to index all the ED patterns of Figure, In }511%3 Ijg?@de Online

DOI:
concerned compounds, e.g., M =Fe, Co, Ni, the polar P2,ab symmetry was reported 1° The

orthorhombic supercell spots are indicated by red arrows on Figure.

Extra phenomena (systematic or not) observed due to more local-to-medium range ordering are
sometimes observed depending on the nature of the M cation, as shown by white arrows in Figure.
For instance, for M = Fe we found a commensurate propagation vector q = (0, %5, 0) related to the
orthorhombic double cell 8. It was also detected in single crystals, and refined to in-plane antipolar
displacements of the Fe atoms. For M = Co and Ni weak modulation vectors were detected with
q=(%,%,0) and (0.48, 0.48, 0) respectively. These latter modulation vectors are not observed in
XRPD/NPD patterns 8°. In the next section we examine how these ED features evolve in the mixed
Fe/M compounds.

Figure 2: Bi;0,(M,M’)F,. Electron diffraction on different prepared samples recorded along the [-110] zone axis referred to
the v2-ay, V2-b,, c supercell. Red arrows indicate spots assigned to P2,ab lattice ordering by cooperative octahedral tilting in
the perovskite layers. For Ni and Co, the white arrows show extra phenomena discussed in the text. The announced Fe/M
stoichiometry was determined by averaging the EDX analysis on various crystallites of the same corresponding batches. For
j) the contrast has been adapted for the right part of the image.

Fine structural features in the mixed Fe/M phases

After checking by XRD that the as-prepared mixed-metal compounds correspond to a single Aurivillius
phase, we first present their typical electron diffraction (ED) characteristics, with a special focus on
the mixed Fe/Co series. Here, dealing with rather different cationic sizes and amplitudes of the
octahedral tilting, it is interesting to probe how the long-range ordering could be developed.
Intuitively, one could expect the loss of the ordering specific to one metallic center with increasing
substitution, resulting in an average subcell similar to the M = Mn case. We recall in this case, that
the lack of octahedral ordering in the (MnF,) layers mainly stems from favorable local [MnFg]
distortions, allowed by the flexible @ crystal field 1. Figure show, the ED patterns, taken along the [-
110] zone axis, for several Fe/M ratios. The announced compositions were determined from averaging
the EDX results on several crystals within the same batch. Here only the most representative patterns
are displayed, but slight variations in the Bi/Fe/M compositions (from in-situ EDX analysis) and of the
intensities of the supercell-spots were detected within each batch, as highlighted between Figure
dealing with a single Fe_g¢Co.o4 batch. At least we can conclude that for the Fe/Co mixed-metal
compounds (Figure) the orthorhombic supercell spots are preserved for Fe-rich compositions and
“sometimes lost” for Co-rich ones. To a first approximation, the ED emphasizes the collaborative tilting
of [FeFg] and [CoFg] octahedra in the perovskite layers. However, due to some pattern and
compositional variations, these also indicate sample inhomogeneities at least on the examined thin
areas (crystal edges), possible local high defect concentration and/or specific local Fe/Co distribution
preventing coherent octahedral tilts over long distances. Similarly, very weak or absent modulation
spots have been observed in the Fegse/Nigs (Figure) and Fegy;7/Mng 3 (Figure) sample, which is not

DT01303H
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surprising in the latter case with respect to the fully disordered parent Mn-phase 1. BS[‘?O?&%‘?E?@%&?HE
assume that both the distortion of [MnFg] octahedra allowed for d° ions, and the large Fe/Mn
difference of ionic radii are a major drawbacks to develop perfect long-range ordering along the
Fe,Mn, the solid solution. These effects are expected much lower in the Fe;,Co, mixed systems.

We never observed evidence for the additional (in)commensurate modulation discussed above in the
mixed-metal compounds. This highlights that the involve fine structural details are fragile and
destroyed by the Fe/M random cationic disorder.

Diffraction clues for the collaborative octahedral tilting was also examined by powder XRD. In this
context, Figure shows clear evidence of the long-range orthorhombic ordering in the parent Fe phase
and in the mixed Fe/Co phases, as indicated by (*) on the concerned peaks. However, increasing the
Co content slightly broadens and weakens these XRD peaks, sometimes hidden by the contribution of
secondary phases. It is in tune with our ED investigation. In the mixed Fe/Ni case our XRD data look
even more ambiguous, but reveal some broad indications of the V2-a,, V2-b,, c supercell, not observed
on ED. Here again, some sample inhomogeneities between thin crystal areas and the bulk can be
deduced. For mixed Fe/Mn compounds, the two examined samples might lack the orthorhombic
symmetry completely but significant amount of impurities limit our deep investigation. Overall, the
XRD results are consistent with the previously discussed ED, which shows only weak (Fe/Mn) to
extremely weak (Fe/Ni) supercell reflection spots probing the more local behavior on single particles.
At the submicronic coherence length typical of XRD, the powder diffractograms may confirm that the
large difference of ionic radii between the Fe/Mn and Fe/Ni pairs could quench the long-range tilt
ordering, while the closer Fe/Co ionic radii preserve the cooperative distortion. Our Neutron diffraction
experiments described below, should be more sensitive than XRD to the distortions of the anionic
sublattice. Unfortunately, due to the instrumental resolution and the presence of impurities that give
a non-negligible peak overlap, this benefit was not fully exploited.

Feg sMng 75

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 3: Bi,0O,Fe;M,F,. Part of the XRD patterns (Cu-K,) of different Fe/M compositions. The Q range is selected to show
supercell reflections of the P2,ab space group with minimal overlap of impurities. Supercell reflections are marked with a *
and impurities with an x. The composition is determined by NPD or EDX and sometimes assumed from the synthesis (italic).
The diffraction pattern of the pure Fe phase is recorded in the ERSF (ID31, A = 0.1652 A).

Computational study of the structural relaxation of Fe, M, and mixed Fe/M compounds

In order to check the “expected” lattice evolution on M?* for Fe?* substitution, we first performed full
structural relaxation for M = Mn, Fe, Co, and Ni using GGA+U, starting from the centrosymmetric Pcab
(61) models (adding an inversion center to P2,ab (29)), see details in the technical section. We also
built and relaxed ideal in-plane Fe/M ordered structures corresponding to the (Bi,0,)(Fe,MyF,)
compounds such that each M metallic center is surrounded by four Fe atoms. Here, the initial
symmetry is lowered from Pcab (61) to monoclinic P2,/c11 (14). All structures converged into slightly
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distorted triclinic unit cells. The relaxed lattice parameters and the main M-F distance%g‘r%ljgmg@;&%gﬁ

Table 2.

Table 2: Bi,0,(M,M’)F,. DFT+U relaxed structures and calculated magnetic exchange parameters J in between neighboring
magnetic cations intra and inter layer as well as the calculated magnetic moment on the cation centers. The M-F-M angles
give a measure of the octahedral tilt in the perovskite layers (see

Figure ). lonic radii are given for high spin 6-fold coordination and averaged for the mixed compositions ?°. ‘not converged’
magnetic exchanges involve that some of the three configurations did not energetically converge after 200 cycles.

Compound Lattice ZM-F-M  V(A%)  Fe-F/M-F (A) JintralJinter (K'ks)  Mige/ My (pg/ion)
Fionm, (A) Param. (A) +:AFM, -:FM
(Bi,0,)(MnF,) 5.4590.00 133°/133° 484.75 Mn-F=2.08-2.10 +5.83/ Myn=4.69
0.83 5.4090.00 +0.01
16.47 90.00
(Bi,0,)(FeF,) 5.4290.00 138°/138° 475.92 Fe-F=2.01-2.07 +10.83/ Mi.=3.80
0.78 5.37 90.00 +0.01
16.34 90.00
(Bi,0,)(CoF,) 5.4190.06 141°/141° 469.42 Co-F=2.02 calc. FM Mc,=2.81
0.745 5.37 90.00
16.18 90.00
(Bi,0,)(NiF,) 5.3990.00 144°/144° 462.37 Ni-F=1.97-2.00 +86.49/ Myi=1.80
0.69 5.36 90.00 +0.04
16.00 90.00
(Bi,0,)(FexMny,F,) 5.4490.00 133°/138° 480.47 Fe-F=2.01-2.07 +8.69/ M;e.=3.80
0.805 5.39 89.90 Mn-F=2.08-2.10 +0.01 My,=4.69
16.41 90.00
(Bi,0,)(Fey,CoyF,) 5.4290.00 137°/142° 472.89 Fe-F=2.01-2.07 not converged -
0.763 5.37 89.75 Co-F=2.02
16.2590.00
(Bi,0,)(Fey,NiyF,) 5.4190.00 138°/145° 469.51 Fe-F=2.01-2.08 not converged Me.=3.84
0.735 5.37 89.68 Ni-F=1.98-2.00 My=1.78
16.17 90.00

For the single-metal cations the average in-plane (a,b) and c parameters evolve following the average
metal ionic radii. They are given in Table 2 for the high-spin configurations in 6-fold coordination.
Similarly, for the mixed Fe/M compositions, the increase of lattice parameters from Fe to Mn and the
decrease from Fe to Co / Ni are consistent. For most of the transition metals, the DFT calculations show
rather regular octahedral coordination with the four equatorial bonds being systematically shorter
than the two apical ones. Only the relaxed structure of the pure iron compound displays two short
(2.01 A) and two long (2.07 A) in-plane bonds, arranged in a trans-configuration. Those shorter bonds
are alternating in-plane with the longer ones along the -(Fe-F)- corner sharing chains as depicted in
Figure. In the mixed compounds this topology is not modified for the iron while the other transition
metals keep their more regular coordination as shown for the FeqsMng 5 case in Figure. It is interesting
to note that the geometrical mismatch between the perovskite layer and the [Bi,0,] layer is mostly
accommodated by the cooperative rotation of the [MF¢] octahedra around the c-axis. The magnitude
of this distortion can be simply evaluated by looking at the deviation of the M-F-M angles from 180°
reported in Table 2,

Figure . As expected, the larger the radius of the transition metal cation the greater the rotation with
angles ranging from 133° for M = Mn to 144° for the smaller M = Ni.
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Figure 4: Bi,O,(Fe,M)F,. Projection along the c-axis looking at the perovskite layer of the DFT relaxed structures of the a) Fe
and exemplary for a mixed-metal b) FeygsMng s phase (blue: Fe, gery : Mn, green: F).

Evolution of the lattice parameters of the solid-solutions

Refined lattice parameters of synthesized samples with different compositions are shown in

Figure (numerical values are listed in Table S2-5). For the Rietveld refinements a and b are kept equal
since the small differences are not observed by XRD. It contrasts with our fully ordered DFT models
where the a/b orthorhombic split is sometimes significant and emphasizes the Fe/M random
distribution in the synthesized materials. The experimental increase in lattice parameters from Fe to
Mn and decrease from Fe to Co or Ni is consistent with theory and expectations. However, the
curvatures of the main driving lines, out of the Vegard law highlights, the tilting of octahedra which
are on the run during the substitution. The small in-plane change between Fe and Co is observed as
well. The distribution of lattice parameters for a single target composition can be understood on the
same basis as in the parent Bi,O,FeF, case, i.e., sizable concentration of various types of possible
defects. In addition, it is clear that dealing with solvothermal synthesis, fine variations between the Fe
to M ratios are at play, which is confirmed by our local EDX results discussed in the ED part of the
paper.

Structural PND analysis

Owing to the difference in neutron scattering lengths of the various atoms in the structures, nuclear
structure refinement of the NPD patterns at room temperature provides much more accurate data
than X-ray diffraction, especially regarding the position of O/F atoms and the transition metal ratios.
However, O/F and Fe/Ni contrasts are still very low. The quality of the diagrams are strongly affected
by the impurities, especially the various hydrated iron fluorides and hydroxides that add an important
background contribution due to the incoherent scattering of hydrogen atoms. Moreover, in the case
of the FeysNig s case an unknown impurity prevented accurate structure refinement due to intensity
overlap.
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Figure 5: a) Bi,0,FesCoq sF4. Rietveld refinement of the high-resolution neutron diffractogram (D2B, A = 1.59 A) taken from
a combined refinement including X-ray and neutron data of the same sample. The sample has a purity of 96 wt.% with 2 wt.%
of Bi;OsFy; and Bi each. b) Picture of the structure depicting the M-F-M angles used to describe octahedral tilting.
c) and d) Bi,O,Fe;  M,F,. Refined lattice parameters for the synthesized batches (red: Fe, green: Fe/Mn, blue: Fe/Co, orange:
Fe/Ni). a is kept equal b for all refinements. a,, and b, indicate the lattice parameters in an ideal /4/mmm space group while
a and b are given for the P2,ab group (a=V2-a,). The compositions (x values) are assumed from the syntheses for the pale
dots. For the saturated dots they are refined from neutron diffraction (EDX for Fe;,Ni,). The spread of values shows
inhomogeneity in between different samples. The dashed curves are only used to highlight the trends.

A typical NPD refinement is shown for the Fe,sCo, 5 targeted composition in

Figure . Overall, we used the P2,ab Fe-model , with the additional a=b constraint for stability of the
refinement, since the split -if any- cannot be resolved experimentally. Besides the refinement of the
Fe/M ratio and octahedral tilts, relaxing the Biand F occupancies may help the convergence. However
these results should be considered with care due the quality of our samples, and large correlation
between anionic occupancies and thermal parameters. Table 3 lists the resulting compositions, lattice
parameters and Rgr.g Values of the various measured compounds assuming an ideal stoichiometry of
the fluorite [(Fe,M),F,] blocks. The value of the F-M-F angles (see

Figure ) are also reported as measurement of the octahedra rotation. Other refinements with higher
amounts of impurities are shown in Fig. S2.

The single Fe, mixed Fe/Co and Fe/Mn compounds show Bi vacancies between ~1 and ~10% as in the
our previous work 8. It suggests that bismuth vacancies are a robust mechanism compensating the
mixed-valent Fe~2>* oxidation state. However, the Bi vacancy concentration does not seem correlated
to the amount of iron in the structure and we do not dispose of Mdssbauer data for the mixed Fe/M
compounds. This will be further investigated in the future after preparation of samples with sufficient
purity.

The values of the £ZM-F-M angles can be compared to the values obtained on the relaxed DFT
structures (Table 2). The lower distortion-amplitudes observed by NPD are probably a consequence of
the disorder on the transition metal site as opposed to the artificial ordering used in the DFT
calculations. The general trend of the evolution of the M-F-M angles, as previously described on the
DFT relaxed structures, i.e. smaller angles are observed for the bigger cations is not clearly observed
in the experimental set, especially the Fe/Mn compound which exhibits the larger M-F-M angles
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used in DFT, maintaining very symmetric [MFg] octahedra, the refined atomic coordinates show much
more distorted coordination polyhedra, as seen in the variation of the two M-F-M angles reported.
Although, it is difficult to be certain given the limitation of our experimental datasets; we propose that
the cooperative distortion observed by DFT, giving clear distinction between the a and b cell
parameters even in the case of the pure metal compositions, cannot not propagate to long distances
in actual materials. The resulting disorder is probably the main drive that locks a=5b for the
experimental structures and what makes the description of the anionic lattice of these compounds so
challenging.

Table 3: Bi,.yO.Fe;«M\F4.,. Refined composition, lattice parameters, and Rg,gg Of the Aurivillius phase of different samples
retrieved from combined neutron and X-ray data Rietveld refinements. The M-F-M angles give a measure of the rotation of
the octahedra in the perovskite layer (see

Figure ). Magnetic structures are refined against difference neutron data. The Fe/Ni ratio is determined by EDX due to similar
neutron scattering lengths.

Composition £M-F-M ab g Roraas
P Mag. space gr. M, M, M, Mot Rmagn
Bi. - O.FeF 135°/158° 5.45890(13) A 16.6326(6) A 10.9
LoaarET P2,ab 2.8(1) W 0 3.84(8) g 4.76(8) Wg 11.2
) 145°/153° 5.43831(7) A 16.5999(4) A 9.8
Bi15302F€01C00.15F4 P2,ab 0 0 3.60(2) s 3.60(2) s 8.5
. 146°/155° 5.42575(6) A 16.5743(3) A 8.3
Bi15802F€0.55C00.45F4 P2,ab 0 0 3.16(3) s 3.16(3) 1o 143
Bi. - OuFer .. Cor F 150°/156° 5.42313(10) A 16.5156(5) A 8.0
19527 F033-H06774 P2,'ab’ 2.61(5) s 0 3.30(5) s 3.30(5) s 22.0
) ) 133°/153° 5.4246(3) A 16.5851(13) A 15.0
(Bia0aFeo soNio.aFa) P2,ab 0 0 4.09(5) 4.09(5) s 17.2
) 153°/157° 5.44469(19) A 16.7278(8) A 10.7
Bi15c02F €0 55Mno.asFa P2,ab 0 0 2.77(2) s 2.77(2) s 13.2

Magnetic ordering

Table 2 gives the in-plane and interplanar magnetic exchanges (J) calculated by DFT. We note that for
several mixed Fe/M ideally-ordered compounds, at least one spin-polarized configuration did not
converge properly. In the single Co compound, the exchanges are found ferromagnetic (FM) which
contradicts the experimental results. It is reminiscent of what found by GGA+U in a previous work ?
where only LDA+U allowed for an antiferromagnetic (AFM) ground state. Finally, in the other cases
one can only deduce prominent in-plane AFM exchanges in a nearly 2D magnetic topology. The large
AFM Jira €xchange (~87 K, U = 4 eV) found for the Ni compound is in tune with our previous results
(~57 K, U =3 eV). It emphasizes that for Ni>* (d®, S = 1, t,,°¢,?) the AFM contribution by e, electrons is
only improved. It suggests that for other cations the t,, electrons offer additional contributions to the
total exchange ( by delocalization or correlation), which may be ferromagnetic because they decrease
the global AFM contribution.

The most representative magnetic susceptibility measurements for the different Fe/M solid solutions
are shown in Figure. Curie-Weiss (CW) fits to the paramagnetic regions resulted in expected moments
close to those expected in a spin-only approximation, see Fig. S3. As the magnetization was corrected
by adjusting the mass of the samples, subtracting the mass percentages of diamagnetic impurities for
each measurement, the CW parameters should be considered with caution. Indeed, after their
guantification by Rietveld refinements, some weak XRD peaks sometimes remain unassigned. Also, the
linearity of the CW fits is sometimes perturbated by small amounts of ferromagnetic impurities and it
is clear that the spin-only approximation is not valid for special ions such as Co%". However, concerning
the assigned magnetic impurities detailed in Table S1, their few mass percent contributions allows for
minor contribution to the fitted Curie-Weiss laws.
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In general, the evolution of the T detected in the x.(7) plots matches, with a monotone evolution
between the end-members. As already reported for the Fe, Co, and Ni single-metal compounds, the
corresponding mixed compounds show a ZFC/FC divergence below Ty. Additionally for Fe-rich samples,
similarly to the Fe case, this divergence is enhanced drastically at Ts; (SR for spin-reorientation), see
Table 4. Those temperatures change with composition and match no ordering temperatures of
identified impurities. The weak FM contribution is between 0.01 and 0.02 pg/metal at 2 K, as seen from
the M(H) plots for selected samples shown in Figure. The weak ferromagnetic contributions are
assigned to sizable spin canting compatible with Dzyaloshinskii-Moriya interactions not cancelled in
the P2,ab space group. However, its amplitude is not significant enough to be captured in our NPD
data described below. Furthermore, at least in the parent (Bi,.,O,)(FeF,), Tss is not accompanied by any
significant change of its magnetic NPD pattern, see Figure. In the frame of this study, we have collected
only a limited number of NPD data for the mixed Fe/M compositions, such that similar “hidden”
canting effects are assumed.

Low temperature neutron diffraction data have been collected on the diffractometer D1B, A = 2.52 A.
The magnetic contributions to the diffraction patterns can be visualized by subtracting the high
temperature purely nuclear from the low temperature diffraction patterns. The refinements of the
difference patterns are presented in Figure . Here we have systematically excluded the areas
corresponding to the 113 and 204 very-intense reflections, which show the most drastic effects on the
difference patterns due to the lattice contraction between the two reference temperatures 115 K and
2 K. Other excluded regions correspond to minor contributions arising from unassigned magnetically
ordered impurities.

Table 4: (Bi,0,)(Fe14MF,) : Ty and Tsg temperatures, effective moment e and Curie-Weiss temperatures B¢y .Values in
brackets are to be taken with care since ZFC/FC divergence is still observed at high temperature.

Composition Tw/K Tsr/K ZFC/FC divergence et Bcw/K
Fe 105 47 yes 6.34 -204
Feo81C00.19 100 20 yes 4.04 -83

Feos5C00.45 90 60 yes 5.33 -244
Fe33C0067 70 - yes 5.57 -194
Co 50 - weak 5.62 -142

FeosNigs 90 42 yes (6.15) (-145)
Fep.7sMng 25 (103) 34 yes (2.77) (-89)
F90‘5Mng,5 88 - weak (595) (-70)
Feg2sMng 75 (35) - weak 9.03 -148
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All magnetic structures can be described using a k = (0,0,0) propagation vector, already reported for
other orthorhombic single-metal Aurivillius oxyfluorides 8°. Note that it is equivalent to the k = (}4,%,0)
propagation vector used in the Mn case 1%, treated in the /4/mmm tetragonal subcell. In the assumed
P2.ab space group, the a and b axes are not symmetrically equivalent, but are indiscernible on powder
data due to the pseudo-tetragonal (a=b) geometrical features. It induces a puzzling situation
concerning the magnetic models in competition. For desire of homogeneity in the refined models, the
plausible in-plane magnetic component was selected along the ag-axis (M, # 0, M, = 0) by analogy to
our previous published model for M = Fe and Ni 8. After refining with our new data, the moments for
the Fe sample along a and along ¢ have slightly changed as written in Table 3. For most of the
compositions, following this, the magnetic structures are well described using the ml; mode
(xy,z: My,M,M, ; x+1/2,-y,-z : My,-M,,-M, ; x,y+1/2,-z : -M,,-M,,M, ; x+1/2,-y+1/2,z:-M,,M,,-M,). It
leads to the magnetic space group P2.ab (Pca2, #29.99). Finally, one refined moment M, with
moments antiferromagnetically ordered parallel to the c-axis is sufficient to describe the measured
intensities. However, within the Fe/Co solid solution, for the Co-rich composition Bi,O,Feq 33C0g¢7F4
shown in Fig. 7f we observe a drastic change in the relative intensities of the magnetic peaks, see for
instance the 100/101/102 reflections. Here the refinement requires switching to the mr;
(x,y,z : My,M,M, ; x+1/2,-y,-z : -M,,M,,M, ; X,y+1/2,-z : M;,M,,-M, ; x+1/2,-y+1/2,z : -M,,M,,-M,) mode
and requires a mixed M,, M, contribution. It results in the magnetic space group P2,'ab' (Pca'2,'
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mostly from the mr;/mfl; irreducible representations respectively. For this same Co-rich phase only, a

weak contribution on the (002) peak (Q =0.76 A1) is observed on the magnetic NPD pattern. Its
magnetic origin is uncertain, or could also concern a secondary phase. However, we note that it fits to
a significant FM contribution M, =0.41(7) pg (Rmagn = 17.5) allowed in the magnetic space group
29.102. This ferromagnetic moment is largely above the value observed for this sample on the M(H)
plot at 2 K, M =0.016 pg/metal. In addition, due to the low statistics of the data, the origin of this

maximum remains highly uncertain.
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and hklindices are given to artefacts due to lattice contraction.

Our final refined moments are given in Table 3 and the magnetic structures are shown in Figure,
including those of the single M ions for M= Fe, Co, Mn and Ni. It appears that the magnetocrystalline
anisotropy driving differently each Fe, Co, and Ni parent magnetic ordering is lost after Fe/M mixing,
where the spins align along the c-axis. Keeping in mind that this solution is the one adopted for the
Heisenberg Mn?* spins (L = 0). Then a plausible scenario would consist of the orbital component Msoc
not ordering, due to their specific axial origin in the disordered Fe/M mixed phases, and the order is
only governed by M. Following this idea an exception is expected for the Co?* case, where the SOC
is prominent such that it is not fully cancelled. At least the evolution of the amplitude of the refined
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magnetic moments validates that, after Fe/M mixing, their major contributions fully ord%lé‘tzqg_%sl*g%gig;&‘gg%ﬁ
spite of the cationic random distribution, far from a spin-glassy situation. Despite the change of
magnetic symmetry highlighted above in the Fe/Co solid solution, we note that comparing the single

layer of the Fe and Fey33C0,6; compounds, the spins are oriented similarly, see Fig.8c and f

Whatever the neutron diffraction study of mixed M?* transition metals is not so well documented, he
competition between highly anisotropic Fe2*/Co?* and Ni%*/Mn?* ions was already reported in the
M,Ni.Br, (M = Fe, Mn)3® and Mn,Co,.,0 3! with similar reorientation of the magnetically ordered spin
component at critical concentrations.

a)Feq 55Mng a5

T,=88K
c) Fe d)Feqg:1Cop.10 e)Fep55C00.45 f)Fep33C0g67

T,=105K Ty=100K Ty=90K TW=70K
h) Feg ssNig 44
L_/L & /\
L 4 K
< 'k)\ ) 2
i V4 N
L. © [ ¥
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\

L\‘(L/‘\L'/\ s./u/‘u’/g

¢ © ¢ § ¢ € L b
M=4 .1y My =1.3pg
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Figure 8: Bi,O,Fe;«M,F,;. Comparison of the refined magnetic structures from refinements against difference neutron data
for 6 measured samples of different composition and the 3 single-metal phases Mn 11, Co ?, and Ni  taken from literature
(Figures show the ac-plane for all compounds except for Co the bc-plane is shown). For the mixed-metal compositions, the
nuclear structure (P2,ab) of the parent Fe member is shown. For Mn an arbitrary tilting scheme of the octahedra is chosen
to match the other phases.

Conclusions

We found a total miscibility of substituted Mn, Ni, and Co divalent cations in the parent (Bi,..0,)(FeF,)
Aurivillius oxyfluoride, after synthesis in hydrothermal conditions. Our syntheses are systematically
accompanied by various secondary phases, but contain only a unique Aurivillius phase per batch.
However, the dispersion of the refined lattice parameters around each targeted composition
emphasizes the difficulty to control the final stoichiometry and the occurrence of various possible
compositional defects in the final products. At least, it is clear that the mapping of thin parts of the
crystals by TEM-EDX analyses validates inhomogeneous Fe/M compositions around the NPD refined
ones. Despite this apparent bulk disorder we observed, by SAED and NPD, evidences of supercell spots
which validate the ordering of the F anions within the perovskite sub-units, which justifies the
occurrence of an orthorhombic, ordered scheme of tilted octahedra, rather than the fully disordered
tetragonal subcell. It occurs independently of the Fe/M ionic size mismatch. Moreover, the spin-glass


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt01303h

Open Access Article. Published on 22 borgeméannu 2025. Downloaded on 2025-09-08 07:33:57.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

Page 16 of 18

like magnetic state often observed in such mixed-cation solid solutions is not attained here. On\ehgcte Online
DOI: 10.1039/D5DT01303H

contrary, all the prepared compounds are magnetically ordered, but without the non-colinear
magnetic structures adopted by the single-metal (Fe, Co, and Ni) parent phases. Instead, their refined
magnetic structures highlight AFM colinear spin arrangements with moments aligned parallel to the
c-axis, similar to the structure observed for (Bi,0,)(MnF,), for which the orbital contribution is non-
existent due to the Mn?* ions (L = 0). Therefore, the driving-role of the spin orbit coupling seems to be
quenched in the Fe/M solid solutions due to cation disorder. Finally, the possibility is tempting that
both the conservation of a main anionic and magnetic ordering in such randomly distributed Fe/M
layers is enhanced by the 2D character of the weakly interacting perovskite slabs, chemically promoted
by the preference for [Bi,0,] layers, and magnetically preserving a cooperative set of coplanar Fe-Fe,
Fe-M and M-M interactions, which order AFM, but would be probably lost in a glassy-regime in a 3D
counterpart.
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