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Abstract 

The Aurivillius layered compounds with predominant fraction of paramagnetic transition metals 

are an emerging playground for discovery of magnetoelectric or multiferroic compounds. This 

aim was recently achieved by incorporating F- anions in the perovskite layer of the 

(Bi2O2)(CoF4) compound, only described so-far in a disordered model (unit cell : ap, ap, c). 

Here we report the investigation on the representative compounds (Bi2O2)(MF4) (M = Fe, Ni) 

using single crystal, synchrotron, neutron and electron diffraction. These reveal that the 

crystallographic average cell (2xap, 2xap, c) is orthorhombic, polar and accompanied by 

versatile (in)commensurate modulations. The supercell model was fully refined for (Bi2-

xO2)(FeF4) (q = (0, ½, 0)) in the P2111 polar space group with transverse Fe-displacements 

relative to q.  Bi-deficiency is compensated by a mixed Fe2.5+ valence, but, the ideal 

stoichiometry is preserved for (Bi2O2)(NiF4). Both compounds are antiferromagnetic below TN 

= 89 K (Fe) and 45 K (Ni) with moments lying in the (ac) plane and a weak ferromagnetic 

component along the b-axis. DFT calculations validate a strongly anisotropic distribution of 

magnetic exchanges (Jab/Jc > 10). A broad anomaly on the dielectric constant at TN and a 

polarization loop at room temperature were obtained on (Bi2-xO2)(FeF4) single crystals, 

revealing multiferroism with magneto electric couplings. 

  



 

1. Introduction 

The Aurivillius series of compounds with formula (Bi2O2)(An−1BnO3n+1) contains perovskite 

blocks of variable thicknesses, n = 1, 2, 3 … separated by Bi/O slabs, where A is 12-

coordinated, and B is a 6-coordinated transition metal[1]. Apart from partial substitutions, the B 

sites are commonly limited to diamagnetic cations in high oxidation states (Ti4+, Nb5+, Ta5+, 

W6+… ). The combination of the Bi3+ lone pair effect in its 2D fluorite slab along with the 2nd 

order Jahn-Teller effect of the d0 B cation result in polar phases and make these Aurivillius 

compounds an important class of ferroelectric oxides [2], as for instance (Bi2O2)(Bi2Ti3O10) 

which is used as high temperature acoustic piezo-sensor [3]. The incorporation of cations with 

partially occupied dn states into the perovskite slab will then work as a platform for the further 

development of multiferroic magnetoelectrics. However, these cations would generally require 

low oxidation states compared to the above Aurivillius standards. Besides the preparation 

difficulties, an extra challenge for the synthesis of new multiferroics is that the main mechanism 

based on 2nd order Jahn-Teller effect for creating a proper polar instability is disfavored by the 

partially occupied valence shell of dn ions [4]. Thus the role of Bi3+ on the structural instability 

is crucial, as in the prototypical multiferroic BiFeO3 
[5]. Following this idea, theoretical 

multiferroic perspectives have been explored for Fe3+-substituted Aurivillius phases such as the 

n = 4 (Bi2O2)(Bi3FeTi3O13), but remain controversial due to conflicting magnetic measurements 

[6], and suggest sample-dependent properties due to varying degree of Fe3+/Ti4+ ordering. 

An alternative way to efficiently incorporate large concentration of magnetically-active 3d 

transition metal cations is to partially substitute O2- by F- in the preferred perovskite sublattice. 

Besides the limited number of bismuth-based diamagnetic oxyfluorides reported such as 

(Bi2O2)(BiTi4+
2O6F) [7], (Bi2O2)(Ti4+O2F2) 

[8], and (Bi2O2)(V
4.7+O3F0.7) 

[9] the recent synthesis 

of the Aurivillius compound (n = 1) (Bi2O2)(Co2+F4) opens wide potentialities to combine polar 

and magnetic orders into new multiferroics with relevant transition metal ions [10]. 

(Bi2O2)(Co2+F4) shows antiferromagnetic ordering below TN ~ 50 K and develops  a weak 

spontaneous magnetization. Single crystal X-ray diffraction (XRD) data were refined in a 

disordered I-4 space group, with a four-fold splitting of all axial and equatorial F- positions. 

This disorder allowed the authors to propose layers of tilted CoF6. Such ambiguities are 

reminiscent of possible O/F mixed occupancies and requires the use of accurate complementary 

techniques in order to dissipate them. For instance, the combination of synchrotron X ray 

powder diffraction (SXRPD), neutron powder diffraction (NPD) and second harmonic 



generation (SHG) test applied to (Bi2O2)(NbO3F), returned the non-polar Pbca space group 

with preferential occupancy of the apical perovskite positions by F- anions [11]. On the other 

hand, in (Bi2O2)(TiO2F2), there is still no clear consensus on the real O/F distribution over 

equatorial and axial anion positions. A first experimental work reported bulk-ferroelectricity 

around 284 K [12]  while a non-polar space group with F- in the equatorial position was suggested 

from a combined XRD-PND study [8]. More recently, the O/F ordering in (Bi2O2)(TiO2F2) was 

deeply re-investigated as a crucial parameter for tuning the symmetry, and to break or not the 

inversion center. However, even powerful tools such as the symmetry analysis combined with 

i) Rietveld and strain analysis [13] or with ii) energetic metastability by first principle 

calculations [14] offer a nice energetic and configurational panorama but do not allow for a clear 

discrimination between multiple O/F ordering possibilities. Altogether, these results highlight 

the major obstacles against a robust structural analysis of Aurivillius oxyfluorides, even in 

divalent cation cases (Co2+) where the ideal (Bi2O2)(CoF4) may be affected by triple O – F – □ 

substitution (□ : anion vacancy).  

Here we present the novel compounds (Bi2-xO2)(MF4) M = Fe and Ni. In the case of (Bi2-

xO2)(FeF4), also referred as BiFeOF in this article, the structural ambiguities have been 

unraveled combining single crystal, powder XRD and NPD, Second Harmonic Generation 

(SHG), (Scanning) Transmission Electron Microscopy (STEM-TEM), Mössbauer 

spectroscopy and DFT-calculations. Our structural conclusions have been consistently applied 

to the (Bi2O2)(NiF4) case, referred as BiNiOF. The main magneto-electric properties are 

discussed leading to the discovery of a new series of multiferroic materials. 

 

2.  Single crystal XRD Crystal Structure of (Bi2-xO2)(FeF4) 

Single crystal XRD of (Bi2-xO2)(FeF4) displays the typical Aurivillius phase reflexions with an 

average pseudo-tetragonal (a = 2xap, b = 2xap, c) unit-cell commonly observed due to 

octahedral tilts. Here ap refers to the perovskite based subcell (ap  3.8 Å, c  16.5 Å). 

Comparison of the [hk1] precession frames of two different collected crystals with different 

ratio of pseudo-tetragonal twin fractions evidence a doubling of a single basal lattice parameter 

only, see Figure1a-b. Thus, the extra peaks can be associated to a (a, 2xb, c) orthorhombic 

supercell as shown in Figure 1. Long XRD collection times were required in order to observe 

the 2xb weak supercell spots by XRD.  The b-doubling is highlighted in the [100] electron 

diffraction patterns as shown by blue arrows in Figure 1c.  

 



2.1. Polar average Structure: Analysis of the systematic extinctions of the fundamental 

diffracted reflections, for the less twinned crystal agreed to those deduced from ED patterns, 

see Figures 1c and 1d. In the a=b~5.4 Å, c16.5 Å subcell, weak 0kl (l=2n+1) peaks refute the 

orthorhombic Pcab centrosymmetric (CS) space group, but agree well with the polar P21ab one. 

At this stage it is noteworthy that the CS Pcab is not considered in the subgroup list of the parent 

ideal I4/mmm for any F / O distribution in [Bi2O2][TiO2F2] 
[14], while our symmetry analysis 

shows its relevance, see Fig. S1. It results from applying X2+ and X3+ distortions to the 

I4/mmm parent group.  Note on the Figure 1c, that the 0k0:k = 2n+1 and 00l:l = 2n+1 spots 

(highlighted in green) are generated by ED multiple diffraction phenomena. The obtained 

model is reminiscent of the room-temperature ferroelectric form of (Bi2O2)(WO4) 
[15] and 

(Bi2O2)(MoO4) 
[16], previously determined by NPD [17]. Indeed, although the well-known Glazer 

notation [18] for rotations in perovskites is not completely adapted to the layered Aurivillius n = 

1 phase, our model corresponds to an a–a–– in plane rotation with an in-phase rotation along 

the c axis in between disconnected FeF6 octahedra layers. The polar P21ab space group 

hypothesis is supported by the detection of SHG signal (21 mW laser-power) on crystals. A 

strong influence of the crystal quality and orientation on the SHG emission exists, and only 

misoriented crystals towards the vertical laser beam, or the [110] planes of well-aligned ones 

emit, see Figures 1e and S1. At this stage, the refinement in the subcell also reveals weak Fe 

displacements in the equatorial plane towards an octahedral edge along the polar 21-axis. due 

to large Fe thermal parameters and Fourier difference peaks suggest Fe splitting over two off-

centered position Fea-Feb, which improves the convergence by 0.5% (Robs = 4.84%) and 

returns reasonable U thermal parameter values of 0.07Å2 for both Fe sites. The amplitude of 

the split is weak (d(Fea-Feb) = 0.18 Å) but its ordering along the b-axis may stand as the main 

ingredient for the b-axis doubling, as treated in the next section 

 

 



 

Figure 1: a,b) hk1 XRD-reconstructed precession frames for two BiFeOF single crystals with different 

pseudo-tetragonal twin ratio. The black circles show evidence of the b-doubling. c,d)  BiFeOF : [100] and [110] 

electron diffraction zone axis patterns (EDZAP). Blue arrows show the modulation spots and green squares show 

spots created by multi-diffraction phenomena. e) Transmission and SHG (blue) images of a BiFeOF crystals with 

highlight of the emitting (010) truncated face. f,g) [110] EDZAP for  BCoOF and BiNiOF with evidence of 

superstructure phenomena. 

 

 

2.2. Supercell 4D approach: Here, we investigate the origin of the b-doubling using a super 

space 4D-formalism, in which displacive modulation assigned to atoms enhance the 

contributions of the weak (0, ½ ,0) satellites compared to the intense fundamental peaks. The 

two possible super space groups (SSG)  compatible with the P21ab symmetry are P21ab(0½0)000 

and P21ab(0½0)00s. However, due to the weak satellite intensities, they were undistinguishable 

by extinction conditions involving the (hklm) m 4th index. The former SSG returns the best 
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satellite agreement with Rsat. = 26.05% after modulation of the Fe position by a smooth 1st order 

string. This is further lowered to Rsat. = 22.5% by adding modulated Bi positions. In essence it 

validates the effective Fe splitting as shown oby black arrows on the  Figure 2a showing the 4D 

Fourier-map around the Fe position with significant super-periodic x off-centering. Finally, 

the influence of anionic modulation waves on the agreement factors is very modest in this 

model, due to the monoclinic symmetry detailed below. We did not push the 4D model in a 

modulated monoclinic symmetry because the number of refined parameters is very similar to a 

standard 3D-treatment in the super cell. 

 

2.3.  Supercell final model and Bi-defficiency: A robust 3D-model with refined 

anionic local coordinates was reached in the (a, 2b, c) supercell using approximately the same 

number of refined parameters as for the prior 4D-refinement. Group-theory analysis using 

Isosubgroup with the (0, ½, 0) q vector over the P21ab space group, leads to the monoclinic 

Pa11 or P2111 solutions, the latter agreeing with the commensurate supercell group of the select 

SSG. Only the P2111 solution leads to a consistent model, with Robs = 5.40% using a unit 

weighting scheme, due to the large number of weak supercell spots. This model preserves the 

Fe split along the a-axis (black arrows on Fig. 2e) described previously, and overall a 

cooperative polar displacement of Fe in their F6 octahedra occurs along the polar a-axis (white 

arrows on Fig.2e). The refinement of the Bi occupancies (each of the 8 independent positions 

being constrained equally occupied) results in the (Bi1.8O2)FeO2F4 formula with Robs = 5.1%. 

This behavior is similar to the one observed in (Bi2-xO2)(V2O11-y), found to tolerate a large 

number of Bi vacancies without breaking the high temperature prototype. [19] A collection of 

crystallographic data, positional, BVS, thermal parameters and inter atomic distances are listed 

in S.I, Tables S1-S4, Supporting Information. The bond valence sums (BVS) calculated for all 

16 independent F- anions located on the perovskite octahedra range in between −0.76 and −1.02, 

while those calculated for oxygen in the fluorite [Bi2O2] blocks are in between −2.1 and −2.2 

and comfort an ideal anion ordering. This is also consistent with the O/F ratio of 0.505 found 

by EDS. 

The BVS for the four independent Fe anions (1.88 < d(Fe-F) < 2.20 Å) lead to values 

between +2.6 and +3.0, in good agreement with the mixed iron valent state. However, despite 

the displacement of the Fe ions in the a-direction along the superstructure axis discussed above, 

charge ordering is not clear. To the best of our knowledge, the (Bi2-xO2)(FeF4) crystal structure 



is a unique case of 2D [FeF4] lattice with strong contraction of the Fe-F bonds due to bidentate 

F- position (Fe –  F – Fe 180°). It is not representative of ferrous 3D architectures, e.g. rutile 

FeF2 or perovskite KFeF3, from which the BVS parameters have been deduced. The refined 

model with octahedral tilts is shown in Figures 2b and 2c. The high-angle annular dark field 

(HAADF) stem image shown in Figure 2d shows the absence of stacking faults on large 

domains but did not allow to observe local Bi-vacancies, due to the projection over tens of cells. 

 

Figure 2 : a) BiFeOF : 4D approach : (x,x4) Fourier section around the Fe position (summed 1 Å in y and z). The 

red line corresponds to the refined displacive wave around the central position (blue line) with the corresponding 

structural model (right). b) Projected structure in the (b,c) plane with evidences of the octahedral tilt around the c-

axis. c) Projected perovskite slab in the (b,c) plane with main Fe sheets along the a-axis (black arrows) and 

ferroelectric displacements in the FeF6 octahedra (white arrows). d) BiFeOF [110] HAADF STEM image where 

the contrast is proportional to z2, i.e. heavy atoms are brighter. e) BiNiOF perovskite slab 

 

3. Mössbauer spectroscopy and powder diffraction. 

 

 The best samples (polycrystalline and single crystals) were prepared in stoichiometric 2:1 

Bi:Fe conditions, after sonication and separation cycles in order to remove impurities. The 

sample contains byproducts in addition to the main Bi2FeO2F4 (80(1) w%) phase, i.e. 

BiF3(1.8(5) w%), Bi7F11O5 (14.1(9) w%) and BiF2.35O0.9 (4.2(6) w%), as confirmed by 

Rietveld refinements of synchrotron (Alba, MSPD,  = 0.4125 Å) and neutron (ILL, D20,  = 

1.542 Å) powder diffraction data, see Fig.3a. Note that all the experiments  using either single 

crystal, either powder have been performed from a unique batch, to avoid possible slight off-

stoichiometry, while confronting our results.  

The 57Fe Mössbauer spectrum collected at room temperature using 20 mg of the sample is 

shown in Figure 3b. It was modeled with two paramagnetic components, i.e. quadrupole 

doublets (QD1 and QD2). The refined hyperfine parameters listed in Table S5, Supporting 
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Information, are characteristic of six-fold coordinated high spin Fe3+ (QD1) with 

δ1 = 0.43(3) mm/s and Δ1 = 0.48(5) mm/s and high spin Fe2+ in octahedral symmetry (QD2) 

with δ2 = 1.29(3) mm/s and Δ2 = 1.46(6) mm/s. Both isomer shift values ( > 0.4 mm/s for Fe3+ 

and  > 1.2 mm/s for Fe2+) are consistent with relatively strong ionic Fe-F bonds [20] and the 

relatively low value of the QD1 quadrupole splitting parameter (1 < 0.5 mm/s) indicates that 

Fe3+ ions are located at a regular octahedral site, i.e. with moderate distortion. However, the 

broad line widths (  > 0.4 mm/s) suggest slightly disordered local environments for all Fe ions 

and/or crystallographic site distribution in terms of Fe – F bond lengths or distortions. The 

relative proportion QD1:QD2 was fitted to 59:41, but the absorption area of the Fe2+ doublet is 

likely underestimated due to non-equivalent Lamb-Mössbauer factors (f) for Fe2+ and Fe3+ at 

ambient temperature, such that a mixed Fe2.5+ valence can be estimated, close to the structural 

Fe2.6+ value deduced from our single crystal refinement after refining the Bi occupancy. 

 

  

Figure 3: a) BiFeOF SXPD Rietveld refinement with detail of the side-phases. The arrows in the inset are 

associated by color to the phases reported at the bottom. b) BiFeOF 57Fe Mössbauer spectrum at 293 K fitted with 

QD1 and QD2 components and their sum (red line). c) BiNiOF Rietveld refinement of the synchrotron data. 
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After checking from our single-crystal model that the calculated  b-doubling powder satellites 

are barely observable on both powder SXRPD and NPD data, we analyzed these data 

individually in the P21ab average model (a  5.4 Å, b  5.4 Å, c  16.5 Å), see Figure S2, 

Supporting Information. The refinement of the atomic coordinates is improved after refinement 

of Bi-occupancies (~91 %) leading RBragg = 5.61% (NPD data) and 7.82% (SRXRD data), 

comforting the bulk (Bi1.8O2)(FeF4)  stoichiometry. However, slight stoichiometric between 

different batches cannot be excluded. NPD data also validated fully occupied anionic (O and F) 

positions, similarly to our single crystal data.  

 

4. (Bi2O2)(NiF4) crystal structure 

 4.1 Rietveld refinement: Our best sample contains 66.5(7) w% of BiNiOF, 11.0(5) w% of 

NiF2, 11.5(5) w% of BiF3 and 11.0(5) w% of NiO, see Fig.3c. We note that even if the ratio of 

impurity may change from a batch to another one, the XRD pattern of the title phase does not 

vary, which validate no deviation from the ideal stoichiometry determined here. Contrarily to 

the Fe case, the ideal stoichiometry (Bi2O2)(NiF4) is likely forced by the thermodynamic 

instability to oxidize Ni3+ species in a fluoride coordination [21]. The crystal structure of 

(Bi2O2)(NiF4) (i.e. BiNiOF) at room temperature was analyzed by Rietveld refinement starting 

from both the centrosymmetric (CS) Pcab space group and the P21ab model of the iron 

compound, see Figure S3, Supporting Information. The CS model was refuted due to higher 

RBragg (= 6.03 %) and large thermal parameters for F atoms (Biso = 2.2 Å2) in the NPD. The non-

centrosymmetric model was confirmed by qualitative SHG emission, see Fig. S1, Supporting 

information. It was optimally adjusted and refined in two steps using synchrotron data (RBragg 

= 8.52 %) for accurate metal positions, and NPD data (RBragg = 4.36 %) for further fine 

refinement of oxygen and fluorine positions. Selected distances and BVS are given in Table S6, 

S7, S8, Supporting Information. A tilt of the octahedra both in the ab plane and along c is 

observed, similarly to the iron compound, see Figure 2e Bi-O and Ni-F distances are in the 2.24 

− 2.40 Å and 1.85 − 2.11 Å ranges respectively, giving BVS of 2.75 − 2.80 and 2.10 for Bi3+ 

and Ni2+ ions respectively. Here again the BVS of F- anions is ~1, validating fluoride perovskite 

slabs. No deviation from the ideal (Bi2O2)(NiF4) formula was refined on all cations and anions. 

Analyzing the relationship between our Pcab and P21ab solutions using Isodistort indicates that 

from the two active modes 1+ and 3- only the 3-
x component creates a significant but weak 

polar displacement along the a-axis for all atoms. 



4.2 Structural modulations: For BiNiOF, the [110] ED pattern also reveals weak spots 

compatible with a modulation vector q = (1/2a*, 1/2b*, 0). This is different from what has been 

observed in BiFeOF, but similar to what observed for the Co compound, prepared in the frame 

of this work as described in [10]. Here the modulation is incommensurate as defined by q = 

(0.48a*, 0.48b*, 0), see blue arrows on Figures 1f and 1g. The origin of such phenomena is not 

well understood yet, but may picture displacive phenomena similar to the iron case, but with 

poor coherence in the polycrystalline sample, as it was not observed by NPD nor X-ray powder 

diffraction. The main crystallographic data for the series are listed in the Table 1 together with 

the magnetic features discussed later. Crystallographic data associated to CCDC numbers 

2154827 and 2154840 can be download free from the FIZ Karlsruhe,  Germany, http://www.fiz-

karlsruhe. de/. 

Table 1: Crystallographic and magnetic parameters for the (Bi2O2)(MF4) series 

(Bi1.8O2)(FeF4) (Bi2O2)(CoF4) [10] (Bi2O2)(NiF4)  

Unit cell dimension 

r(Fe2+/3+)VI = 0.78/0.65 Å r(Co2+)VI = 0.74Å r(Ni2+)VI = 0.69Å 

a = 5.433(1) Å a = 5.435(3) Å a = 5.4048(1) Å 

b = 5.431(1) Å b = 5.435(3) Å b = 5.4125(1) Å 

c = 16.577(3) Å c = 16.341(8) Å c = 16.0522(3) Å 

V = 489.13 Å3 V = 482.66 Å3 V = 469.58 Å3 

Space group / struct. modulations 

P21ab P21ab supposed P21ab 

0 ½ 0 (SG: P2111) ½ ½ 0 (this work) 0.48 0.48 0 

paramagnetism 

eff = 5.52 B/Fe, 

CW = -338 K 

eff = 5.62B/Co, 

CW = -142 K 

not determined due to 

magn. impurities 

Magnetic ordering 

TN = 89 K, k = [0 0 0] 

MFe = 4.2(1) B 

Jintra = +33.8 K. Kb (DFT+U) 

Jinter = -2.91 K. Kb 

TN = 50 K 

not reported 

- 

- 

TN = 45 K, k = [0 0 0] 

MNi = 1.3(8) B  

Jintra = +54.7 K. Kb 

Jinter = +0.03 K. Kb 

 

 

 

4. (Bi2O2)(FeF4) Electronic Structure 

 

 Due to the multiple combination of individual anionic features, mixed anionic compounds offer 

a playground for band gap engineering, redox tuning etc… [22] such that the examination of the 

density of states (DOS) of fully O/F ordered Aurivillius oxyfluorides is relevant. It was 

calculated for the ideal Bi2FeO2F4 compound, using DFT + U (U= 5 eV) in a spin-polarized 

ferromagnetic configuration, see Figure 4. Focusing on the top-block of the valence band (VB) 



between -7 eV and EF, the mixed Bi-O states occur below -2.7 eV, with a sharpest Bi 6p and 6s 

mixed states at the top, which emphasize the standard lone-pair stereoactivity, similarly to what 

is found in Aurivillius oxides such as (Bi2O2)(WO4) 
[23]. However, the existence of partially d-

filled Fe2+ levels in the perovskite slabs drastically modifies the main metal-contribution at the 

top of VB. One can distinguish two main domains. The π* Fe – F bonding with d-t2g states 

extent up to – 2.7eV in a very delocalized band, composed by F – p states and Fe – d states, and 

are mixed with the Bi/O states, due to the chemical O – Bi –– F – Fe bridges by apical F 

positions. The DOS at the top of the VB (-2.7eV to EF) is relatively well separated from the 

lower manifold and formed exclusively of the axial Fe – F overlaps characterized by sharp 

π*states between the Fe eg and F p orbitals. The on-site repulsion U shifts the down electrons 

() and mixed F – p states to the Fermi level. The calculated bandgap is 0.82 eV between EF 

and the bottom of the conduction band (CB) exclusively formed of empty Bi, F and O states, 

while the first Fe – d down states grow at 3.6 eV. This hampers any Fe – Fe electronic hopping 

through the F shared corners, in good agreement with the checked experimental impossibility 

to measure a reasonable conductivity on a densified pellet. The strong electronegativity of fluor, 

leads to the general trends for F – p states below the O – p states, such as in LiFeSO4F [24] and 

is responsible for the higher redox potential in oxyfluorides lithium cathodes. This behavior is 

especially pronounced in most of the reported layered perovskite oxyfluorides, Ba5Co5FO13, 

La1.2Sr1.8Mn2O3F, La1.2Sr1.8Mn2O3F2, Sr3Ru2O7F2, Sr2FeO3F, Sr3Fe2O4F4, Ba2PdO2F2 where F- 

and alkali-earth are confined in ionic spacers [25,26]. However, in our Aurivillius phases a 

singular situation appears where the covalent Fe – F bonds shift the F2p states up to the top of 

the VB, much above the O2p which interact with Bi states.  

 

Figure 4 : Total and atomic resolved projected DFT+U (U=5eV) DOS for (Bi2O2)(FeF4) (ferromagnetic 

spin polarized configuration). 
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5. Magnetism (M=Fe, Ni) 

5.1 Magnetic properties: The thermal evolution of the direct and inverse magnetic 

susceptibilities χ (assumed from M/H) and χ-1 in zero field cooled (ZFC) and field cooled (FC) 

conditions after correction from diamagnetic impurities are displayed in Fig. 5a,d for BiFeOF 

and BiNiOF. Above 150 K, BiFeOF shows a paramagnetic behavior fitted to a Curie-Weiss law 

(eff = 5.52(5) eff/Fe and θCW = -338(1) K), very close to what expected for mixed valent Fe2.5+ 

in a spin-only approximation, exp = 5.43 B/Fe. Therefore, the orbital contribution for Fe2+ (L 

= 2) seems nearly quenched, in contrast with what is observed in most Fe2+ minerals [27]. Around 

125 K, χ(T) increases and a ZFC/FC divergence occurs at TN ≈ 89 K, which denotes a canted 

AFM ordering. Below TN, hysteresis loops are observed in M(H) plots. At 2 K a remnant 

moment of 0.05 B/Fe is superposed to the AFM linear M(H) evolution, see Fig 5c. Although 

no clear -type anomaly was evidenced in the specific heat data Cp(T), a clear change is visible 

at TN when plotting Cp/T(T), together with a divergence between the zero-field and 1T data, 

see Figure 5b. Most plausibly, this behavior signs low-dimensional correlations in the 

perovskite slabs, prior to the Néel transition. Due to significant amount of impurities, 18 wt.% 

of bismuth oxofluoride, no attempt to extract the magnetic entropy was pursued. However, DFT 

calculations of the main exchange interactions Jintra (between next neighbors in plane) and Jinter 

(across the [Bi2O2] gap), validate robust 2D antiferromagnetic correlations in the perovskite 

slabs. DFT + U calculations (U = 5 eV, well adapted to the magnetism of BaFe2(PO4)2 
[28]), 

returns Jintra/Kb = +33.81 K and Jinter/Kb = - 2.91 K for stoichiometric BiFeOF. Note that in the 

P21ab subcell, Jintra are split along two directions J(110) and J(1-10) which are inequivalent but 

considered similar due to the negligible orthorhombic distortion. Using a mean-field (MF) 

approximation in the perovskite slabs for θCW = zJS(S+1)/3kB, where z = 4 is the average number 

of neighboring Fe spins, results in θCW = 270 K and 394 K for Fe2+ and Fe3+ respectively, 

averaging to a 332 K value that matches well our experimental value of 338(1) K. We found 

for BiNiOF Jintra/Kb = +54.67 K and Jinter/Kb = + 0.032 K. The increase of Jintra compared to 

BiFeOF results from the in-plane lattice contraction, while across the interlayer gap the 

magnetic connection is hampered by the electron pairing in the t2g states in d8 Ni2+, in contrast 

to d6 Fe2+. 

Comparison between TN values in the Fe2.5+, Co2+, Ni2+ series shows a direct scaling by 

the spin values. In the nickel analogue, the presence of paramagnetic impurities did not allow 

the determination of accurate Curie-Weiss parameters, but the thermal evolution of the PND 



magnetic contribution data indicates TN  45 K, see Figure 5f. At this temperature, we also 

observe the increase of the M(H) coercivity due to the contribution of canted-spins in both NiF2 

(TN = 68.5 K [29]) and (BiO2)(NiF4), see Figures 5e, and S4, Supporting Information. For 

(Bi2O2)(CoF4), in between BiFeOF and BiNiOF,  an intermediate value  TN  50 K was reported 

[10].   

Besides the 2D-Ising exception, no long-range order (LRO) above zero temperature can 

be expected for genuine 2D systems. However, very weak Jinter couplings lead to a finite Néel 

temperature. For weakly coupled 2D Heisenberg S = 1/2 and S = 1 antiferromagnets, the 

estimation of TN has been analytically studied via TN = 4·n·Jintra / [b – ln(Jinter/Jintra)] using a 

modified random-phase approximation (RPA), where n and b were adjusted from various 

materials [30]. For S = 5/2 Fe3+ ions, a good estimation of TN was achieved using S = 1 values (n 

= 0.68 and b = 3.12) [31]. For BiFeOF with mixed valent Fe2.5+, the same n and b values result 

in a TN  101 K, slightly overestimated compared to the experimental TN = 89 K. For BiNiOF, 

it returns an excellent estimation of TN = 44.2 K compared to its experimental value of 45 K. 

Comparison between TN values in the Fe2.5+, Co2+, Ni2+ series shows a direct scaling by 

the spin values. For (Bi2O2)(CoF4), in between BiFeOF and BiNiOF,  an intermediate value  TN 

 50 K was reported [10].  

 

 
Figure 5 : BiFeOF : a) (T) and -1(T) at H=0.1T. b) Cp(T) at 0T and 1T. c) M(H) at various temperatures. 

BiNiOF : d) (T) and -1(T) at H=0.5 T. e) M(H) at various temperatures with weak ferrimagnetism. f) Intensity 

of the 010 magnetic contribution. 
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5.2 Magnetic Structures (M=Fe, Ni): The magnetic structures of (Bi1.8O2)(FeF4) and 

(Bi2O2)(NiF4) were solved and refined from NPD data collected at 1.5K on the D20 

diffractometer (λ = 2.41Å) and D1b (λ = 2.52Å) respectively, at the Institut Laue Langevin 

(ILL), Grenoble, France, best adapted to the available amount of samples in each case. For both, 

we used the (a, b, c) sub-cell (P21ab symmetry). For BiFeOF, the pattern difference 1.5K – 

110K was used to remove all non-magnetic impurity contributions. In the BiNiOF case, due to 

the presence of NiF2 (TN = 68.5 K) [29] and  NiO (TN = 523 K) [32], the full pattern was fitted to 

consider both magnetic and crystallographic contributions for all phases using a single set of 

Pseudo-Voigt profile parameters for all nuclear and magnetic peaks, see Fig.6 a,b 

In both cases, the magnetic contributions growing below TN can be indexed with the magnetic 

propagation vector k = [0, 0, 0] with conservation of the structural sub-cell for the magnetic 

periodicity.  Magnetic symmetry analysis performed using Basireps [33] indicates a 

decomposition of the Г magnetic representation into 4 irreducible representations (Г1-4) of 

dimension 3. The best agreement for both compounds is following the Г1 representation (Rmagn 

= 22% and 30% for Fe and Ni, respectively) with a spin-zero-component along the b-axis, see 

Table 2 and Figure 6. However, combining the 4 irreducible representation for the y-

component allows for a canted of spin structure bringing a possible My ferromagnetic 

component, experimentally observed in M(H) plots (Mrem = 0.05 B in the Fe case). The 

refinement of such tiny spin deviation is out of our experimental resolution.  

 The magnetic moments at 1.5 K is refined at 4.2(1) B/Fe and 1.3(8)/Ni, see Figure 6c, d.. 

Despite the mixed Fe2/3+ valence the iron moment is very close to what is found for FeF2 
[34] but 

much lower than in other layered Fe2+ oxide compound such as the 2D-Ising ferromagnetic 

BaFe2(PO4)2 with mFe2+ = 5.01B [28]. For Bi2NiO2F4 the Ni value is similar to what is refined 

in the NiF2 
[35] side-phase, i.e. 1.35 B/Ni. In both compounds, the reduced moments from the 

expected 2S value plausibly stem from the 2D character of the perovskite slab and the strong F- 

electronegativity. Indeed our DFT calculations show that apical F- hold residual moments up to 

0.04 B and 0.06 B for the Fe and Ni cases respectively.  

 

 Table 2 : Refined Mx, My, Mz according to the 1 and the 4  irreducible representation for the magnetic 

structures of (Bi2O2)(MF4) compounds. 

 
Coord. TM 1 irr. Rep.  2 irr. Rep.  3 irr. Rep.  4 irr. Rep.  Refined Moment (B ) 

 x,y,z  Mx, My, Mz  Mx, My, Mz Mx, My, Mz  Mx, My, Mz  M= Fe: Mx = -3.17(2), 

My = 0, Mz = 2.76(4) 

 Mtotal =4.2(1) 

 

M = Ni: Mx = -1.1(1), 

x+ ½ ,-y,-z Mx, -My, -Mz Mx, -My, -Mz -Mx, My, Mz -Mx, My, Mz 

x,y+ ½ ,-z -Mx, -My, Mz Mx, My, -Mz -Mx, -My, Mz Mx, My, -Mz 



x+½ ,-y+ ½ ,z -Mx, My, -Mz Mx, -My, Mz Mx, -My, Mz -Mx, My, -Mz  My = 0, Mz =0.7(2) 

Mtotal =1.3(8) 
 

    

  

Figure 6 : Rietveld magnetic refinements at 1.5 K of a) BiFeOF (using difference pattern) and b) BiNiOF (using 

the full pattern). Magnetic maxima are marked. Refined magnetic structure for c) BiFeOF, d) BiNiOF.  

 

6. Multiferroic properties of (Bi1.8O2)(FeF4)  

The relative scarcity of multiferroic magnetoelectric was debated for long. It is based on the 

popular opinion that magnetism and ferroelectricity are mutually unlikely in oxides, especially 

perovskite-based ones, where the main ferrolectrics rely on d0 electronic configurations and 2nd 

order Jahn-teller effect, while dn orbitals are mandatory for magnetic order [4]. However, this 

statement was re-adjusted based on the high number of ferroelectric (or assumed so) compounds 

found in nature including fluorides and oxyfluorides described in several review papers [36,37]. 

Even though the strategy dealing with fluorine for oxygen substitution is well-identified and 

leads to: i) different hybridization properties due to their contrasted electronegativity and ii) the 

possible replacement of d0 for dn metals due to their different charges; experimental evidences 

of multiferroicity has only been proved for BaMF4 family and tetragonal tungsten bronzes 

structures (TTB fluorides).[38] Thus, the potentialities for magneto-electric couplings in layered 

oxyfluoride perovskite related compounds create a new paradigm in this field, investigate 

below. 

6.1. Dielectric properties: Due to the contamination of our samples by side-phases, our 

dielectric properties have only been measured on the available (Bi1.8O2)(Fe2F4) single crystals 

with electrical contacts in the ab plane. Here we consider a scenario where the mixed Fe2+/Fe3+ 
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valence created by Bi sub-stoichiometry is detrimental to the intrinsic properties, increasing the 

dielectric losses.   The thermal evolution of the capacitance at different magnetic fields is shown 

in Fig. 7a.  It did not show significant field dependency apart a slight drift to lower values as 

increasing the field.  However, a broad anomaly occurs at 230 K which is present in the heat 

capacity measurement Cp(T) but not in the magnetic susceptibility and thus it suggests a 

structural origin, not investigated in the scope of this work. At TN, the capacitance shows a 

broad maximum which suggests magneto-strictive origins as there are changes above and below 

the AFM transition. The poor effect of the magnetic field on the dielectric properties confirms 

the robust 2D-AFM exchanges. Indeed, between TN and 150 K, Cp(T) is affected by a magnetic 

field as low as 1 T, see Fig. 5b, the role of 2D magnetic correlations as deduced from our J 

calculations is plausibly crucial on the amplitude of the dielectric permittivity of 

(Bi1.8O2)(Fe2F4) above TN.  In the current state, dealing within in-plane colinear structure, apart 

from the weak FM contribution, one would not expect any spin-induced ferroelectricity. 

 

6.2. Ferroelectric properties: Next, we address the effect of the polar structure on the electric 

polarization calculated for the “ideal” stoichiometric (Bi2O2)(FeF4) in the average sub-cell 

giving rise to a polarization along a (Px) between the paraelectric (Pcab) and the  polar (P21ab) 

space groups. Both models were relaxed by DFT, constraining identical lattice parameters. The 

polarization was calculated using the Born Effective Charges (BECs) [39] computed using DFT 

for the paraelectric form and the atomic displacements, as detailed for (Bi2O2)(WO4) 
[40] . BECs 

tensors are reported in Table S8, S9s, Supporting Information. 

In the subcell, after DFT structural relaxation, the polar component (by the 3-
x mode 

component, see above) almost vanish leading to Px = 0.5 C/cm2 for the iron compound. 

However, a similar calculation using our experimental super-cell model yields the much bigger 

Px = 9.11 C/cm2 value with nearly equal participation from the [Bi2O2] and [FeF4] sub-units.  

Experimentally, ferroelectric hysteresis loops were measured in a resin-embedded 

(Bi1.8O2)(Fe2F4) single crystal (20 x 20 x 5 µm3) contacted on two opposite faces in the ab 

plane. The extrinsic contributions, such as leakage current and interface to P(E) loop was 

eliminated using Positive-Up Negative-Down (PUND) measurements, which extract only the 

intrinsic hysteresis component. Remanent polarization appears using a maximum voltage of 

about 100 V but in very irregular hysteresis loops. Above Vmax = 160 V a clear polarization 

loop emerges with a maximum value of 12.4 µC/cm2 at 70 kV/cm at room temperature, 

plausibly spurred by current leakage due to the mixed Fe2/3+ valence, see Fig.7b. These values 



are in accordance with the calculated Px value using the refined crystal structure. The main 

origin for the calculated polarization being the Bi lone-pair and the off-centering of the Fe atoms 

in the perovskite slabs along the a-axis in the P21ab based structure. Applied voltages higher 

than 200 V resulted in arcs forming inside the resin.  

 

Figure 7: a) Capacitance as a function of the applied magnetic field and b) P(E) loop measured at several 

V max for a BiFeOF single cystal contacted in the (a,b) plane. 

 

 

7. Concluding remarks. 

The main research on Aurivillius multiferroics concern the (Bi2O2)(Ti3O10) modification of the 

pseudo-perovskite layers in the binary (Bi2O2)(Bi2Ti3O10) – BiFeO3  system [41], leading to the 

(Bi2O2)(Bin-1Fen−3Ti3O3n+1) (BFTO-n) compounds. They combine ferroelectricity and magneto-

electric coupling, where the origin of the former is a combination of oxygen octahedral rotations 

and polar distortions [42,43]. The percolation necessary for magnetic long-range ordering in the 

perovskite slab was predicted to be 30% of Fe/Ti [44] substitution. However, it was only 

reached for blocks with thickness n  5, i.e. in antiferromagnetic (Bi2O2)(Bi4Ti3Fe2O16), 

(Bi2O2)(Bi5Ti3Fe3O19), (Bi2O2)(Bi6Ti3Fe4O22) and (Bi2O2)(Bi7Ti3Fe5O25) 
[45-48], where the 

layered character is finally lost for a predominant perovskite character. Although weak intrinsic 

ferromagnetic component was proved by several techniques, including polarized neutrons 

reflectivity [49], the segregation of Fe-rich areas into nano-domains, and other extrinsic 

contributions remains problematic with respect to the establishment of well-defined magnetic 

ordering and its coupling with dielectric properties. We report here the first example of “all Fe” 

and “all Ni” n = 1 Aurivillius phases, fully characterized, following the recent discovery of the 

cobalt analog. The divalent nature of the transition metals is forced by the incorporation of 

fluorides anions that solely occupy the (MF4) perovskite sub-units. Despite, the plausible 

prediction of mixed metal valence due to mixed O/F occupancies, we show that in the iron case, 
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such valence occurs, but due to Bi-deficiency. All together our results open a wide prospective 

research area expanding the n = 1 type to larger (n > 1) “all magnetic” perovskite blocks, by 

sizeable O/F and Bi-vacancies. So far, such relevant Aurivillius mixed oxyfluorides have been 

prepared with diamagnetic ions metal ions as discussed in the introduction of this work. Of 

course in the recently reported (Bi2O2)(CoF4) compound [10], the ferroelectric properties are 

appealing. Indeed, we have demonstrated on (Bi2-xO2)(FeF4), the presence of both magnetic and 

electric ferroic orders and their coupling at TN, giving clues for an extended series of novel 

multiferroic materials. 

8. Experimental  

(Bi2O2)(FeF4) was prepared through a hydrothermal route inspired by the synthesis of the cobalt 

analog [10]. A mixture of FeF3 (1mmol) and Bi2O3 (1 mmol) together with 2.5 ml of deionized 

water and 0.5 ml of HF solution (7.65%) was sealed in a 23 ml Teflon lined steel autoclave, 

heated at 230 °C for 72 h and then cooled to room temperature. The products were washed with 

deionized water, followed by ethanol and left to dry in air at room temperature. Crystals (ideally 

brownish square-platelets, with maximal dimension 50 m) were isolated for single-crystal 

characterization. For the analysis of polycrystalline samples, the best purity (80%) was 

achieved after several sonication/separation cycles in ethanol to remove impurity loads, namely 

bismuth oxyfluorides as detailed below. Previous attempts to prepare Bi2FeO2F4 compound via 

solid state reaction in vacuum sealed quartz ampoule heated up to 700 ºC/72 h in standard or 

induction furnaces lead solely to a mixture of Bi7F11O5, BiO0.6F1.66 and BiOF.  

For (Bi2O2)(NiF4), the solubility of the NiF2 precursor (40g/l @25°C) is much larger than for 

CoF2 (0.14g/l @25°C) and FeF3 (soluble in concentrated acidic conditions only), such that the 

hydrothermal reaction is displaced and led solely to bismuth oxyfluorides. Finally, NiF2 was 

mixed to Bi2O3, ground and pressed into pellets and introduced into platinum tubes. The best 

purity (65%) was achieved after heating during 2 hours with intermediate grindings at 600 °C, 

700 °C, 800 °C and 900 °C using a high frequency induction coil. The observed secondary 

phases are Bi7F11O5, NiO and NiF2. 

Single crystal data were collected on a Bruker X8 diffractometer (Ag-K radiation) and treated 

using the JANA 2000 suite [50]. Anticipating some weak disparities between different 

preparations, (Bi2O2)(FeF4) single crystals were selected from the same batch used throughout 

the bulk measurements reported below. 



Powder XRD was carried out on a Cu-K Bruker D8 Advanced diffractometer working on 

Bragg-Brentano geometry and high angular resolution synchrotron data collected on BL04 – 

MSPD (=0.41 Å) at ALBA, Barcelona/Spain). 

Neutron powder diffraction (NPD) data have been collected on the D20 diffractometer of  the 

Institut Laue Langevin (ILL), Grenoble/France at wavelength  λ = 1.542 Å (high angular reso-

lution mode)  for the structural refinement and  λ = 2.41 Å (high flux mode) for the magnetic 

structures. In the Ni case we also  used the D1b diffractometer (and  λ = 2.52 Å). The  sam-

ples consist of powder set in vanadium cylinders. 

Rietveld refinements were performed using the FULLPROF suite [51]. 

Magnetic characterization and heat capacities were obtained using a Quantum Design PPMS 

9T DynaCool system.  

DFT calculations were performed on the ideal (Bi2O2)(FeF4) compound in its P21ab average  

cell using the projector augmented-wave (PAW) method [52,53] implemented in the Vienna ab 

initio simulation package (VASP) [53], with the full-potential local-orbital scheme (FPLO9.00-

33) [54]. We used the generalized gradient approximation (GGA) for electron exchange and 

correlation corrections [55] applying the local density approximation (LDA + U, U = 5 eV). The 

cutoff energy for the plane wave expansion was 550 eV and reciprocal-space integration was 

performed on dense Monkhorst–Pack meshes (8 × 8 × 3). Convergence criteria of 10−6 and 10−4 

were set for convergence of the electronic cycles and ionic relaxation respectively.  

Electron diffraction study was performed on a FEI Technai G2-20 twin TEM microscope.  The 

powder was crushed and dropped in the form of alcohol suspension on carbon supported copper 

grids followed by evaporation under ambient condition. Atomic resolved microscope images 

and EDS analysis were collected on a TEM FEI TITAN Themis 300, equipped with a probe 

corrector for resolution of 0.7 Å in STEM mode and a Super-X quad EDS detector for elemental 

analysis. 

57Fe Mössbauer experiment was performed with a constant acceleration Halder-type 

spectrometer operating in transmission geometry with a room temperature 57Co(Rh) source 

(1.5 GBq). The Mössbauer spectrum of a thin absorber containing about 5 mg/cm2 of Fe (57Fe 

natural abundance 2.1 %) was recorded at room temperature and the refinement of the 

Mössbauer hyperfine parameters (δ isomer shift, Δ quadrupole splitting, Γ Lorentzian line width 

and relative areas) was performed using both homemade programs and the WinNormos [56] 

software. The 57Fe isomer shifts are referenced to α-Fe0 at room temperature.  

Second Harmonic Generation (SHG) signal was collected with 420-440 nm bandpass filter with 

excitation from femtosecond laser at 860 nm with 10% power and optical pathway modified 



with quarter wave plate to have circular polarization. Images were acquired with a laser 

scanning microscope LSM 710 NLO (Carl ZEISS SAS, Marly le roi, France) coupled with 

CHAMELEON femtosecond Titanium-Sapphire Laser (Coherent, USA) and managed with 

ZEN Software (Carl ZEISS SAS, Marly le roi, France) with 10x objective lens. 

The dielectric properties versus temperature were measured in a homemade-cell adapted to our 

PPMS-system, using a Keysight-E4980A LCR meter. P(E) loops were measured with the 

PUND technique on a RADIANT precision LC analyze equipped with a 4KV T-rek high 

voltage amplifier. 
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Synopsis :  

 

The search for Aurivillius-based magnetoelectric multiferroics requests the incorporation 

of a maximal concentration of paramagnetic ions in the perovskite sub-units. This goal is 

partially achieved in the BiFeO3-Bi4Ti3O12 phase diagram, increasing the thickness of the 

perovskite slab until the magnetic percolation is reached (Fe/(Fe+Ti) 30%). Based on the 

recent discovery of (Bi2O2)(CoF4) compound, we show here that the alternative F- for O2- 

replacement allows for full-magnetic layers (M=Fe, Ni) with evidence of multiferroism in 

the iron case.  
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