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Abstract
Control of spin alignment in magnetic materials is crucial for developing switching devices. In molecular
magnets, magnetic anisotropy can be rationally controlled by varying their ligands that allow tuning of
ligand �eld splitting energy. However, the inherent weak magnetic interaction between spins or spin-
cluster results in spin reorientation (SR) occurring only at low temperatures. Here, we show that layered
perovskite oxy�uoride Pb3Fe2O5F2 exhibits a SR transition at 380 K, with the magnetic moments
changing from perpendicular to parallel to the c-axis. It is found that the SR is caused by a ferroelectric-
like phase transition, where the magnetic HOMO-LUMO interaction changes upon the structural transition
due to the concerted effect of the heteroleptic FeO5F coordination and the steric effect of Pb. This �nding
indicates that the design of spin orientation by local coordination environment, which is common in
molecular magnets, can be extended to extended oxides by introducing different anions.

Introduction
Controlling the spin orientation, or magnetic anisotropy, in magnetic materials is an essential issue for
applications such as magnetic switching devices. For molecular magnets, magnetic anisotropy arises
mainly from spin-orbit interaction, thus the most promising and rational approach is to tailor the
crystalline �eld splitting energy using various ligands around a magnetic metal center, as demonstrated
in single molecule magnets (SMMs).1–7 Magnetic anisotropy in molecular magnets is theoretically
explained by magnetic exchange interaction and ligand �eld splitting, as applied to Mn12-acetate,

[Fe8O2(OH)12(tacn)6]8 and Mn(II)-[3 x 3] grid9. Magnetic anisotropy phase diagrams for [PPh4]
[Ln{Pt(SAc)4}2] (Ln = Ho, Er) have been reproduced as a function of temperature, magnetic �eld, and

pressure.7 Despite the tunability and predictable magnetic anisotropy in SMMs, the switching behavior
occurs at low temperatures, thereby limiting their applications.

Extended solid-state materials, such as oxides, have an advantage over SMMs in terms of higher
operating temperatures, which allows for the operation of magnetic devices at room temperature. Unlike
SMMs, magnetic interactions are mediated by magnetic ions on in�nite magnetic lattices, and long-range
magnetic orders such as ferromagnetic and antiferromagnetic states occur depending on the crystal
structure and magnetic interactions. However, the local coordination environments around magnetic ion
are mostly homoleptic, and limited changes in coordinates do not allow for extensive tuning of crystal
�led observed in SMMs. Although some oxides exhibit spin reorientation (SR) as a function of
temperature and pressure, the underlying mechanism is far more complex, compared to molecular
magnets. For example, the SR transition observed perovskite-based materials, LnFeO3 (Ln: Yb, Sm, Er, Tm,

Dy)10–15 and MnNdMnSbO6,16 and Mn2(Fe0.8Mo0.2)MoO6
17 are attributed to the subtle competition

between two magnetic sublattices (e.g., Ln- and Fe-sublattices in LnFeO3).

Mixed anion compounds have recently been attracting attention as materials that produce structures and
functions not found in oxides 18. In particular, the heteroleptic coordination around a metal center may
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allow for the intensive tuning of crystal �eld splitting, as seen in molecular magnets. In this study, we
show that layered perovskite oxy�uoride Pb3Fe2O5F2 exhibits SR above room temperature through a
structural transition similar to a ferroelectric transition. As shown schematically illustrated in Fig. 1, this
phase transition drastically changes the heteroleptic coordination environment around Fe3+ ion and alters
the crystal �eld splitting. This study demonstrates a new possibility in rationally designing magnetic
anisotropy of extended solid materials to explore SR at high temperatures.

Results And Discussions
Powder sample of Pb3Fe2O5F2 was prepared using the solid-state reaction by heating a mixture of PbO,
PbF2, and Fe2O3 at 600°C for 12 hours in a vacuum. The X-ray diffraction (XRD) data indicated the
formation of a double-layered (n = 2) Ruddlesden-Popper (RP) perovskite (see Supplementary Fig. 1).
While related oxy�uorides, Sr3Fe2O6F0.87

19 and Sr3Fe2O5.44F1.56,20 adopt an ideal tetragonal RP structure,
the synchrotron X-ray diffraction (SXRD) pro�le at 100 K for Pb3Fe2O5F2 was assigned by a monoclinic
cell (a = 3.9406(1) Å, b = 3.9416(1) Å, c = 21.4002(2) Å, and γ = 89.816(1) °). The structural distortion in
perovskite is rationalized using the tolerance factor t,21, but the t value for Pb3Fe2O5F2 is almost unity (t = 

0.98 ~ 1.00)21, suggesting that the lowered symmetry arises from the stereochemical effect of Pb2+.

The temperature evolution of the SXRD patterns (Fig. 2a) revealed a structural transition, where the unit
cell of the high-temperature (HT) phase is given by 2ap × 2bp × cp, relative to the primitive cell (ap × bp ×
cp) in the low-temperature (LT) phase. A two-phase coexistence in a wide temperature range (380–400 K
on heating and 400 − 320 K on cooling) indicates a �rst-order nature of the transition, as supported by the
magnetic susceptibility (Fig. 2c, top). The normalized cell parameters show an anisotropic thermal
expansion, with a pronounced c-axis reduction with cooling across the phase boundary (Fig. 2c, middle).

57Fe-Mössbauer spectra at 500 K and 78 K (Fig. 2b) consist of a paramagnetic doublet and a magnetic
sextet, with linewidths of 0.38 mm/s and 0.31 mm/s, respectively. The nearly resolution-limited spectra
are in sharp contrast with the cubic perovskite oxy�uorides,22,23 where anionic-site disorder causes
spectrum broadening. For the RP oxy�uorides, anion-disordered Sr3Fe2O5 − xF2 − y and Sr2FeO3F have

broad peaks, while anion-ordered Sr2FeO3F has a resolution-limited spectrum.24 These observations
indicate that Pb3Fe2O5F2 has a single iron site, with a full O/F anion order. A hyper�ne �eld (HF) of 53.5 T

and an isomer shift (IS) of 0.51 mm/s at 78 K (Supplementary Table 1) are typical of the high-spin Fe3+,
in agreement with the composition. A steep increase in the magnetic susceptibility below 490 K (Fig. 2c,
top) indicates a canted antiferromagnetic transition in the HT region (Supplementary Fig. 2).

For the LT phase, the extinction re�ection conditions (Supplementary Fig. 3) and the single-site
occupancy of Fe (Fig. 2b) uniquely gave P21/m space group. Since O and F atoms are indistinguishable
by X-ray, we performed Rietveld re�nement of the SXRD data at 100 K using a Pb3Fe2“O7” composition
(Fig. 3a, Supplementary Table 2). The bond valence sum (BVS) of “oxygen” using the tabulated
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parameters25 gave acceptable values for the equatorial (O1: 2.03, O2: 2.06) and the bridging (O3: 1.88)
sites, while the apical (O4) site has a signi�cantly smaller value of 1.17. Thus, we conclude that the O4
site is selectively occupied by the �uorine anion. For the HT phase, the re�ection conditions (Fig. 3b)
uniquely gave P42/nbc, and the BVS calculation using the re�ned structure (RWP = 6.57% and RI = 4.89%)

again supported the selective occupation of F− at the apical site (Supplementary Table 2).

The appearance of the superstructure (2ap × 2bp × cp) in the HT phase appears unusual, but the same

behavior has been seen in, e.g., BiFeO3,26 BiCoO3,27 and BiZn0.5V0.5O3
28 where a ferroelectric-to-

paraelectric transition takes place upon heating or applying pressures. Such behavior in Pb3Fe2O5F2 can
be seen by comparing the FeO2 plane in the two phases (Fig. 3). For the HT phase, the staggered
alignment of oxide ions along the b axis looks responsible for the 2ap × 2bp × cp supercell. In contrast, the
LT phase shows a uniform displacement, thus removing the superstructure while inducing a large
electronic polarization along the b axis. Note that the antiparallel stacking of the FeO2 layers cancels out
the total electric polarization. Thus, the structural transition in Pb3Fe2O5F2 can be considered to originate

from the steric effect of 6s2 lone pair electrons of Pb2+.

As typi�ed by the multiferroic BiFeO3, the steric effect of Bi3+ and the magnetic moment of Fe3+ may lead
to interesting phenomena induced by the structural phase transition. Neutron powder diffraction (NPD)
pattern at 400 K exhibits magnetic re�ections given by a propagation vector of k = (0, 0, 0), corresponding
to (1/2, 1/2, 0)p in the reduced cell. The Fe magnetic moment increases with decreasing temperature,
giving 3.5(1) mB/Fe at 4 K. Magnetic structure re�nement with group-theoretical analysis (see
Supplementary Information) revealed the G-type antiferromagnetic order, with magnetic moments being
perpendicular to the c axis. This spin orientation is consistent with the Mössbauer results (Supplementary
Table 1). Most notably, the relative intensity of the magnetic peaks drastically changes; the intensity ratio
of I112/I113 is 0.32 at 400 K, but it is reduced to 1.78 at 4 K (Fig. 4). This observation strongly indicates
that the magnetic moments at 4 K align parallel and antiparallel to the c axis since magnetic neutron
scattering can detect spin components perpendicular to the momentum transfer. Indeed, the group-
theoretical analysis con�rms the SR by comparing the reliable factor through magnetic structure
re�nements. Thus, the structural transition drives the spin orientation change from perpendicular to
parallel to the c axis.

As mentioned earlier, SR has been observed in extended solids, but its origin is rather complicated. SR in
bulk a-Fe2O3, known as Morin transition, has been interpreted as originating from the competition

between crystalline-, shape- and surface magnetic anisotropy.29 For other bulk compounds, it is mostly
caused by the coupling between two magnetic sublattices, as found in Ln2Fe14B,10–15 LnFeO3 (Ln = 

magnetic lanthanides),30–38 MnNdMnSbO6,16 and Mn2(Fe0.8Mo0.2)MoO6,17 with different magnetic
sublattices (e.g., Ln-4f vs. Fe-3d in LnFeO3). In these examples, the magnetic order of each sublattice
occurs at different temperatures, and the spin orientation of the sublattice with a higher transition
temperature (Fe-3d) changes when another sublattice (Ln-4f) is ordered upon cooling, indicating that a
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subtle competition between different sublattices is at play. Other examples include BaFeO3 with charge

disproportionation of Fe ions,39 Ba0.65Na0.35Fe2As2 with competing antiferromagnetic and

superconducting phases.40–42 The SRs in all of these materials involve strong correlations of electrons.

In contrast to the extended solids shown above, the SR in Pb3Fe2O5F2 is driven by the ferroelectric like
phase transition in the perovskite layers of FeO5F octahedra. As seen in Fig. 5, Fe is located
approximately at the center of the four equatorial oxygens in the HT phase, but is substantially off-
centered in the LT phase. This signi�cant distortion in the LT phase is expected to stabilize the dx2−y2

orbital, one of the antibonding orbitals, due to the drastic decrease in the overlap of the O 2p orbitals.

According to Whangbo et al.,43 magnetic anisotropy in extended solids can be predictable by considering
the orbitals responsible for magnetic HOMO-LUMO interactions, i.e., the crystal �eld splitting of d-orbitals.
We employ this model to understand the SR in Pb3Fe2O5F2. Given high-spin state of Fe3+ and the Mott
insulating nature, the eg orbital as HOMO, we consider magnetic HOMO-LUMO interaction between eg

(HOMO: parallel spins) and t2g (LUMO: anti-parallel spins) orbitals (Supplementary Fig. 5). From the
observed spin orientation, the difference in magnetic HOMO-LUMO states (L values) for in-plane (⊥c, HP)
and perpendicular (//c, LT) spin orientations should be given by |DLZ| = 0 and |DLZ| = 1, respectively. Since
the |DLZ| = 0 interaction at HP is possible only for dx2−y2 (HOMO) and dxy (LUMO) orbitals, magnetic
HOMO is expected to change from dx2−y2 (HT phase) to d3z2 − r2 (LT phase).

To verify this scenario, we performed �rst-principles calculations using density functional theory. The
partial density of states (DOS) of Fe3+ in Fig. 6a indicates that the magnetic HOMO changes from the
dx2−y2 band in the HT phase to a mixed band of dx2−y2 and d3z2 − r2 orbitals in the LT phase. The magnetic
LUMO is composed of the t2g orbitals (dxy, dyz, dxz) in both phases. This result is consistent with our
scenario because in the HT phase has a larger contribution of the dx2−y2 (HOMO) and dxy (LUMO) orbitals,
responsible for |DLZ|= 0 as shown in Fig. 6b. Thus, the change in magnetic HOMO is intuitively

understood simply through the local coordination environment around Fe3+. The magnetic HOMO in the
HT phase can be understood as a strong repulsion of electrons in the dx2−y2 orbital from O 2p orbitals
and a weak repulsion of the d3z2 − r2 orbital because one of the apical anions being monovalent (see Fig
.1). On the other hand, the LT phase has a stabilized dx2−y2 orbital, which increase the contribution of d3z2 

− r2 orbital to magnetic HOMO.

In molecular magnets including SMMs, control of magnetic anisotropy by tuning orbital splitting has
been achieved using a variety of ligands.6 However, while the nearly isolated spins (or clusters) simplify
the interpretation of spin orientation, the weak magnetic interaction between spins (or spin clusters)
inevitably lowers the temperature at which the magnetic anisotropy changes. For example,
[Mn12O12(OAc)16(H2O)4]44 shows magnetic hysteresis only below 4 K. For most of SMMs, ferromagnetic

like behavior is seen below 20 K.1,45 A hexatert-butyldysprosocenium complex shows magnetic hysteresis
around 60 K, which is the highest transition temperature.46,47
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In marked contrast, Pb3Fe2O5F has the magnetic transition temperature of 490 K and the structural phase
transition (and SR) of 380 K, both far beyond room temperature. Given the ferroelectric-like nature of
structural transition, the operating temperature might be widely tuned by, e.g., non-magnetic substitution
of Pb. Pb3Fe2O5F is a mixed-anion compound, which, as is the case with SMMs, allows the crystal �eld to
be controlled by different ligands to a degree greater than is possible with oxides. Furthermore, the
combination of the steric effects of the heteroleptic coordination and lone pair electrons can induce a
dramatic change in the ligand �eld with temperature. These two factors are considered to be essential for
temperature-induced SR, and hence it would be possible to search for other materials that satisfy these
requirements.

Methods
Powder sample of Pb3Fe2O5F2 was prepared through the solid-state reaction using a stoichiometric
mixture of PbO (99.9%, Raremetallic Co.), PbF2 (99.9%, Raremetallic Co.), and α-Fe2O3 (99.9%,
Raremetallic Co.) powders. The pelletised mixture was placed in a Pt crucible, sealed in an evacuated
Pyrex tube, and reacted at 873 K for 12 h.

Synchrotron X-ray diffraction (SXRD) patterns were collected at the beamline BL02B2 of SPring-848 and
re�ned by the Rietveld method using the RIETAN-FP program.49 The SXRD patterns were collected in
transmission geometry using a solid state detector. The sample powders were each sealed in glass
capillaries and rotated during measurement. The incident beam was monochromatized to λ = 0.41967 Å.

Neutron powder diffraction data were collected on HB-2A POWDER installed at High Flux Isotope Reactor,
Oak Ridge National Laboratory, USA, with λ = 1.5366 Å and 2.4068 Å. We collected diffraction patterns
between T = 4 K and 600 K in a closed-cycle refrigerator. We employed group theoretical analysis to
identify magnetic structures that are allowed by symmetry (see Supplementary Information for details).

The cross-sectional microstructure and electron diffraction patterns of the Pb3Fe2O5F2 sample were
observed using transmission electron microscopy (TEM, JEOL JEM-2100F and JEM-2800) with energy-
dispersive X-ray spectroscopy (EDS) after thinning by Ar ion milling at room temperature. Simulations of
ED patterns were carried out using the multislice simulation software MacTempas.

We collected 57Fe Mössbauer spectra using a 57Co/Rh source and control absorber α-Fe. Magnetic
properties were measured with a superconducting quantum interference device (SQUID) magnetometer
(MPMS-XL, Quantum Design) equipped with an oven option for high temperatures.

First principles calculations were performed on the basis of the density functional theory. Since we
perturbatively interpreted the spin-orbit coupling for understanding the magnetic anisotropy, the energy
levels used in our discussion as the non-perturbative states were calculated without including the spin-
orbit coupling (see Supplementary Information for details).
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Figure 1

The crystal �eld energies of 3d orbital in ideal regular and distorted octahedra of FeO5F. While the ideal
FeO6 octahedron has the Oh symmetry, the ligand replacement by F– stabilizes d3z2–r2, dxz, and dyz
orbitals (left). On the other hand, ferroelectric-like distortion stabilizes t dx2–y2 and dxy orbitals and
could induce level crossing.

Figure 2

Structural and magnetic transitions of Pb3Fe2O5F2 at high temperatures. a, Temperature evolution of
synchrotron X-ray diffraction pattern (  = 0.41967 Å) on heating. The blue and red annotations indicate
the index of peaks for the LT (aP × aP × cP) and HT (2aP × 2aP × cP) phases, respectively, clearly
demonstrating the two-phase coexistence at 380 K. b, Temperature evolution of the 57Fe Mössbauer
spectra, all �tted well with a Lorentzian function. c, Temperature dependences of (top) the magnetic
susceptibility and hyper�ne �eld (HF), (middle) the nomalized lattice parameters (middle), and (bottom)
the fraction of the HT phase.
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Figure 3

Structural re�nement of Pb3Fe2O5F2 for the LT and HT phases. Results of Rietveld re�nement of the
SXRD data and the re�ned structures at (a) 550 K and (b) 100 K (λ = 0.41967 Å). Red crosses, solid black
lines, and solid blue lines represent the observed, calculated, and difference intensities, respectively. Green
ticks indicate the Bragg peak positions. Stacking of the perovskite double layer viewed along the c (c) and
b (d) axes, for the ideal (left) , HT (middle), and (right) LT phases.
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Figure 4

Spin reorientation in Pb3Fe2O5F2. The magnetic re�ections in the NPD patterns and the magnetic
structures for the (a, c) LT (4 K with λ = 1.5366 Å) and (b, d) HT (400 K with λ = 2.4068 Å) phases. Pro�les
are shown with Rietveld re�nement assuming G-type antiferromagnetic order with c (red) and //c (blue)
spin orientations. The bottom lines in a and b are the difference between observed and calculated
intensities for each orientation. The change in the intensity ratio of the magnetic peaks indicates spin
reorientation occurs simultaneously with the structural transition.
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Figure 5

Stabilized dx2-y2 orbital induced by changes in local coordination around Fe3+ between the LT and HT
phases. The annotated �gures indicate bond lengths in Å scale. (upper) Re�ned local structures of the
FeO5F octahedron of the LT (100 K) and HT (550 K) phases. The local coordination changes
anisotropically by the structural transition. (lower) FeO2 place along the ab plane. The pink shades
denote dx2–y2 orbital of Fe3+ and solid lines represent the unit cells. The alignment of O ions changes
from (left) zigzag to (right) liner manner along the b axis.
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Figure 6

Altered magnetic HOMO-LUMO interaction by the structural transition. (upper) Partial density of states
(DOS) of Fe3+ for the HT and LT phase. (lower) Schematic diagram illustrates how SR occurs in
Pb3Fe2O5F2. Energy diagrams of 3d orbital in FeIIIO5F octahedra for the LT and HT phases are shown
with magnetic HOMO, LUMO, and corresponding | LZ|. The | LZ| = 0 and 1 interactions for 3d5 electronic
con�guration give c and //c orientations, respectively.
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