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Abstract: BaFe*",(PO,), was recently prepared and identified
as the first 2D-Ising ferromagnetic oxide with an original
reentrant structural transition driven by high-spin Fe’" ions
arranged in honeycomb layers. Both long-term air exposure
and moderate temperature (T> 375°C) leads to topochemical
oxidation into iron-depleted compounds with mixed Fe*'/Fe’"
valence. This process is unique, as the exsolution is effective
even from single crystal with preservation of the initial
crystallinity, and the structure of the deficient BaFe,_.(PO,),
(x < ca. 0.5) is fully ordered for x =2/7 and 1/3 with creation of
novel original depleted triangular lattices. Under flowing H,/
Ar, Fe is reincorporated in the structure above 480°C, as
reproduced under the electron beam in a transmission micro-
scope. After Fe exsolution, the insulating ferromagnetic com-
pound turns into an antiferromagnetic semiconductor.

Topochemical modifications of solid oxides enable the
tuning of structural and physical properties in a remarkable
manner but most often involve changes of the anionic
sublattice balanced by metal redox centers.! Recent spec-
tacular examples concern the reduction by hydrides, leading
to dramatic oxygen sub-stoichiometry (for example, SrFeO,
with square planar Fe**O, units®) or the unexpected H~
incorporation in oxyhydrides (for example, BaTiO,_H,™).
Besides, the topochemical modification of the cationic sub-
lattice mainly concerns the intercalation/desintercalation of
mobile ions, that is, alkali ions. Most rarely, the metal
framework itself participates in an exsolution phenomenon.
Representative  examples include nCuO-V,05 and
Cu,;;V,0, oxides,™ with reversible exsolution of Cu’ into
dendrites in the latter, during Li intercalation.”!  Also,
a handful of compounds exhibit a spontaneous exsolution of
cations at moderate temperature, for example, the olivine
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LiFePO, and Fe,Si0,."! This rare behavior seems favored
for ferrous Fe** ions, reminiscent of the exsolution of Fe-rich
inclusions out of minerals or meteorite rocks."*!"! Our search
for new candidates for such reactions focuses on the recent
BaFe>,(PO,), compound.!"” Its layered crystal structure (a =
4.8730(2) A, ¢=23.368(2) A, space group R3) is shown in
Figure 1a. This compound is a unique case of a true 2D-
ferromagnetic Ising oxide with Fe*" spins (S =2) below 7, =
65.5 K.l Furthermore, it displays a fascinating re-entrant
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Figure 1. a) Layered crystal structure of the pristine BaFe,(PO,), com-
pound. W denotes the honeycomb windows. b), c) Crystal structure
and charge distribution for b) BaFe, ;,(PO,), and c) BaFe, ¢;(PO,), with
evidence of the two independent depleted layers 120° tilted. The
continuous line shows unmodified octahedral chains.

structural transition following the sequence : R3 (RT, para-
magnetic)— P1 (140K, paramagnetic)— R3 (ca. 70K,
ferromagnetic) that is driven by the competition between
the lattice Jahn-Teller instability and the energy gained
through the uniaxial ferromagnetic ordering.">'¥ This atyp-
ical behavior questions about the high temperature stability.
Indeed, BaFe,(PO,), has all requirements for enhanced
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reactivity with air because: 1) Fe?" ions form bidimensional
(2D) honeycomb layers separated by a large interleaf of about
7.8 A that may favor cationic diffusion; 2) all of the oxygen
anions are strongly bonded through covalent P—O bonds
stabilizing the anionic sub-lattice; and 3) in contrast to M =
Ni** and Co**, BaM,(PO,), isomorphs prepared by solid-state
reaction in air,'*'") BaFe,(PO,), can only be obtained in
solvothermal conditions (hydrazine dilute solution).'”
Herein, we present various BaFe, (PO,), phases obtained
after Fe exsolution. This phenomenon is reversible, thermally
activated but also efficient at room temperature, and leads to
novel fully ordered Fe-depleted 2D triangular lattices for x =
2/7 and x =1/3.

First evidence for moderate Fe exsolution were found
after aging large BaFe,(PO,), single crystals held on a glass
plate in polymonotrifluorochloroethylene (PTFCE) grease
after about 12 months in air at room temperature. Yellow
crystals turn black with formation of reddish surfacial islets
(Figure 2). The EDX mapping shows a homogeneous distri-

Figure 2. Fe-exsoluted crystal after 12 months aging in PTFCE grease
in air. a) optical micrograph, b) MEB image; c) phosphorus d) iron,
and e) barium mapping from EDX analysis.

bution of Ba, Fe, and P in the bulk while rust-like dots are
composed of iron oxide. Strikingly, the iron exsolution is not
destructive, because large crystalline single domains were
extracted from the resulting blocks. The corresponding crystal
structure was refined in a triclinic unit cell leading to a fully
ordered BaFe,,;(PO,), stoichiometry (P1 space group, a=
8.3380(5) A, b=9.8508(6 A, ¢ =14.4567(8 A, a =90.722(3)°,
B=94.579(3)°, y =106.812(3)°, R=4.76 %, wR=5.26%, see
details in the Supporting Information, Section S2). The crystal
structure remains 2D though a modification of the initial
honeycomb layers, as shown in Figure 1b. The arrangement
between the Kagomé windows with apical PO, groups is fully
preserved but distorted, while Fe ions are rearranged owing to
the exsolution of 1/7th of them. In the _{Fe,,,O¢} octahedral
sheets, 5/7th of the FeOg remain regular (Fel-Fe5 labels), 1/
7th are strongly distorted (Fe6 label) and 1/7th are vacant.
The refined formula indicates a mean Fe**** valence state,
compatible with our bond valence sum (BVS) calculation:!"®!
it leads to a mixed Fe*"/Fe*" distribution on Fel-Fe5 sites, and
Fe’™ ions on Fe6 positions. At this stage, PTFCE being
chemically inert, the room-temperature topochemical Fe
exsolution suggests an easy thermal activation concomitant
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with the oxidation of the host lattice. Owing to the long
maturation process, it was not possible do date to obtain
a homogeneous sample for further characterization.

The activation of this phenomenon in a more controlled
manner was processed by heating polycrystalline BaFe,(PO,),
material in air. The thermogravimetric analysis (TGA) plot
shows a progressive weight gain starting above about 250°C,
indicating a continuous oxidation (Figure 3a). From both
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Figure 3. a) TGA curve of BaFe,(PO,), with evidence of the major
phase determined from HT-XRD. b) Lattice parameters against temper-
ature in the triclinic orientation. c) From BaFe,(PO,), powder and
crystals to the depleted form. The Fe,O; clusters are seen at the crystal
edges.

TGA and insitu thermal X-ray diffraction (XRD) analysis
(Supporting Information, Section S1), it could be sequenced
in successive steps. First, between 375°C and 600°C, pro-
gressive Fe exsolution occurs, leading to Fe,O; and novel
BaFe,_ . (PO,), triclinic phases that are different from the x =
2/7 phase. Between 550°C and 650 °C the pristine compound
is fully transformed. The exsolution is assigned to the
following reaction:

BaFe?*,(PO,), + 3x/4 0, — BaFe?**, (PO,), +x/2Fe*",0,

From TGA, we find x is less than about 0.54, which
corresponds to a 3wt% loss. The absence of peaks at
particular x values indicates a continuous process, see Fig-
ure 3a. Second, Above 650°C, the Fe-deficient compound
transforms into the cubic Ba,sFe’*,(PO,); Langbeinite
type,'”! while the weight gain stops around 700°C.

Figure 3b shows the evolution of the lattice parameters
refined from HT-XRD patterns plotted in the triclinic base,
according to the rhombohedral/triclinic relation given below.
In the initial rhombohedral domain (RT to 375°C), focusing
on the most temperature dependent ¢ parameter, we find
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a thermal expansion coefficient (TEC = Ac/cyAT) of 59x
107°C™". In the triclinic region (350 < T'< 600°C), the TEC
is negligible, while the system keeps oxidizing. It suggests
a monotonic Fe exsolution, while the volume contraction
owing to creation of vacancies is balanced by the thermal
lattice expansion.

The color change from yellow-greenish (pristine) to black
(Fe-depleted compound) is shown in Figure 3¢ before and
after heating polycrystalline and single-crystal samples at
550°C for 5h. Some reddish grains can also be observed
which correspond to the coating of some grains by Fe,O;. The
SEM images of heated crystal show a damaged surface after
exsolution owing to Fe,O; nanometric wires popping out of
the faces (see Figure 3c). Once more, large single domains
suitable for single crystal XRD analysis were extracted from
the heated crystalline blocks, leading to the full-structure
resolution.

Details of the crystal structure refinement are given in the
Supporting Information, Section S3. It was solved and refined
in the triclinic cell: a=8.3198(8) A, b=8.3276(12) A, c=
16.306(2) A, a=94.65(1)°, B=94.995(8)°, y=119.853(6)°
with R=7.07%, wR=17.51%. The relation between the
rhombohedral and triclinic cells is given by: ar= —ag + by,
br=—ag—2byg, cr=2/3ag + 1/3bg—2/3 cx. The full indexation
of diffracted spots involves three twinned domains related by
about 120° around c¢* (refined ratio: ca. 61%: ca. 22%: ca.
17%). The fully ordered refined structure corresponds to the
BaFe, ;,(PO,), formula, that is, x = 1/3, with 4/6th of regular
octahedra (Fel,, Fe2,,), 1/6th of strongly distorted sites
(Fe3,;), and 1/6th of extra vacancies (Figure 1c). The gradual
Fe depletion between discrete x =0, x =2/7, and x = 1/3 states
is performed through the conservation in the three structures
of unchanged zigzag FeOq chains evidenced by solid lines in
Figure 1a—c. For x=1/3, two crystallographic independent
«{Fes30g) layers coexist at z=0 and z="/, (prefixes a and b
were given to the corresponding positions), tilted by about
120° from each other. From the viewpoint of crystallography,
it is noteworthy that the complementary 240° tilted motif does
not exist, out of twinning domains. The calculated Fe valence
is 4+2.41. Similarly to the x=2/7 case, BVS calculations!"®!
suggest a mixed Fe**/Fe’* distribution on regular sites (Fel,
Fe2,,), while Fe*" ions occupy the distorted positions (Fe3,).
According to this model, the mean Fe?** valence on regular
octahedra leads to the iron valence Fe**'* inferred from
crystallography.

The iron valence state was analyzed by Mdossbauer
spectroscopy on a polycrystalline sample prepared by heating
BaFe,(PO,), at 550°C for 5h (Supporting Information,
Section S4). The same sample was used for further transport
and magnetic characterizations. According to the possible Fe-
depletion until x~0.54 deduced by TGA, the powder
composition may differ significantly from those of the fully
x=1/3 ordered single crystal. However, the latter crystallo-
graphic model was taken as a reference for our assignment of
the spectral contributions. Mdssbauer spectra, measured over
the temperature range 78-523 K, are different from those of
BaFe,(PO,), (Figure 4a).'"! After Fe exsolution, they consist
of overlapping paramagnetic doublets together with magnetic
sextets of a-Fe,O;. At 78 K (Figure 4c¢), it was fitted using
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Figure 4. Méssbauer spectra of a) BaFe,(PO,), at RT and b),c) BaFe,,-
(PO,), at b) RT and c) 78 K. d),e) Comparison of the physical proper-
ties between the pristine and the depleted compound (x=0.4).
d) Arrhenius plots of the electric conductivity; €) magnetization at 2 K.

a minimal set of 5 doublets D1-D5 assigned to Fe?" or Fe**
according to their hyperfine parameters and spectral contri-
butions. Two of them correspond to Fe’ in regular Fel,2,,
octahedral sites (D2~15% and D3~21%) and the two
others to Fe’" in the same Fel,2,,, sites (D4~26% and D5
~24%). The latter doublet (D1~ 14 %) is assigned to Fe*" in
the strongly distorted Fe3 sites. It represents about 14 % of
the total iron content (vs. 20% calculated from crystallog-
raphy for the ideal BaFe, ((POy,),) structure. It suggests that
for x >1/3 the extra vacancies preferentially concern the
distorted sites. It was also confirmed by powder neutron
diffraction (PND) data collected on an even more Fe-
deficient sample (Supporting Information, Section S5).

All the doublets but D1 are broadened, especially for
Fe?", indicating incomplete ordering in the polycrystalline
BaFe, (PO,), sample or possible inhomogeneities. The
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refined Fe*":Fe’" ratio is close to 1:1 leading to a mean
BaFe®*_, ((PO,), formula close to results from single crystal
data, that is, BaFe**'", (;(PO,),. The formula deduced from
Mossbauer was considered for treatment of the physical
properties measured on this polycrystalline sample. Note that
only a minor part of Fe,O; produced by oxidation (ca. 1/5 of
the total Fe,O; contribution) undergoes an incomplete Morin
transition, consistently with a majority of nanometric Fe,O;
clusters (Figure 3c). As the temperature increases from 78 K
to 473 K, the broad D2 and D3 (Fe*") contributions gradually
transform into D2’ and D3’ that show significantly lower ISs
and AEgs values (Figure4b). The D4 and D5 (Fe*")
contributions remain nearly unchanged. This result provides
a clue for mutual occupancy of the Fel,2 sites by both Fe?"
and Fe’" cations. It is probable that increasing the temper-
ature averages local structures of both voluminous Fe’*Oq
and smaller Fe**O;4 octahedra in the same crystallographic
sites, leading to smaller Fe’*O; units with more covalent Fe—
O bonds, and accordingly decreasing IS and AE, values.*?!

The total contributions of the individual Fe*" and Fe*"
components were found to be mainly temperature-independ-
ent, indicating the absence of electron transfer between Fe*"
and Fe’* sites, contrarily to examples such as Fe,OBO,*" and
Fe;0,.%" This result is in accordance with localized states and
semiconducting behavior of BaFe_, ((PO,), discussed below.

The reversibility of the Fe exsolution was verified in situ
under reducing atmosphere (flowing 3% H, in argon) by
high-temperature XRD, starting from a BaFe, (PO,),+ x/
2Fe,0; biphasic mixture obtained after heating BaFe,(PO,),
(Figure 5a). At 480°C, the diffraction peaks of Fe,O; are
significantly weakened while the re-incorporation of Fe is
completed at 600°C. It leads to the single-phase BaFe,(PO,),
recovering its original crystallinity and lattice parameters.
Even single crystals with good quality can be recovered from
the H, treatment (Supporting Information, Section S6). The
mechanism for such long Fe diffusion into Fe,O; clusters is
questionable, especially taking into account the room temper-
ature exsolution mentioned above. Insights were given by
transmission electron microscopy (TEM). The ED patterns of
crushed BaFes;(PO,), crystals provide evidence of supercell
spots fully indexed in the corresponding triclinic lattice. They
vanish after about 15 minutes of electron beam exposure,
leading to the subcell R3 ED pattern (Figure 5b). Concom-
itantly, a progressive amorphization from the thin edges of
crystals towards the thickest core was observed. It suggests
that iron ions necessary to fill the vacancies diffuse by contact
according to a shrinking core model. The amorphization of
the edges can be understood by the difficulty to maintain
a periodic framework in exaggeratedly Fe-depleted domains.
Details of our TEM analysis are given in the Supporting
Information, Figure S7. We checked that similar topochem-
ical metal exsolutions do not occur in isomorphous BaCo,-
(AsO,), and BaNi,(PO,), compounds, even after heating in
flowing O, atmosphere. Then, the diffusion mechanism is
presumably driven by the Fe*'/Fe** redox potential, reminis-
cent of the oxidation of the olivine LiFe?* PO, and Fe**,SiO,
fayalite, leading to LiFe*; PO, (x<1/3) and Fe, ,SiO,
laihunite types®” with similar creation of Fe,O; nanoclus-
ters.”*! A common parameter between all these compounds is
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Figure 5. Re-incorporation of Fe in BaFe,_,(PO,), leading back to the
rhombohedral form : a) by HT-XRD under flowing H,/Ar, b) in situ in
a TEM. Images were taken at t1 ~0 min, 2~5 min, t3~10 min and
t4~215 min.

the presence of XO, groups connected to a great number of
Fe’" ions, for example, 6 in BaFe,(PO,),, therefore able to
compensate the creation of cation vacancies by modification
of their bonding scheme. However, the reversible exsolution
at the single-crystal scale into BaFe,_(PO,), ordered com-
pounds, even at room temperature, is unique and presumably
favored by the 2D topology. Here, by comparison between the
layers for x =0, x=2/7, and x =1/3, in-plane diffusion paths
could be proposed along corner-sharing octahedral chains. A
molecular dynamics study is in progress to obtain a fuller
understanding of the mechanism involved. At least, the
reversible exsolution of cations could be a source of inspira-
tion for future self-regenerative intelligent catalysts similarly
to reversible Pd exsolution from perovskite lattice, but
enhanced in layered strucures.”!

Preliminary synthesis of the pristine BaFe,(PO,), was
originally motivated by the achievement of truly disconnected
2D ferromagnetic compounds with exotic magnetic behav-
iors,®! for example, 2D Ising ferromagnetism. Interesting
magneto-transport coupling could be expected. However,
BaFe,(PO,), is a single-valent Fe*" insulator, which restricts
spin-dependent transport properties that are attractive in the
field of low-D materials for data storage.?*? The conductiv-
ity measurements on platelet crystals (main o,, contribution)
evidences a semiconducting behavior for Fe-depleted
BaFe,, 4(PO,),, leading to an increase of ¢ by about three
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orders of magnitude after Fe-exsolution (Figure 4 d). For both
compounds, the Arrhenius plots give comparable activation
energies E, of 0.14eV and 0.19eV for BaFe,(PO,), and
BaFe_, 4(PO,),. Our UV/Vis spectroscopy analysis did not
allow us to extract accurate bandgaps (Supporting Informa-
tion, Section S8). At least the iron exsolution allows signifi-
cant improvement of the electronic transport.

The magnetic susceptibility of BaFe* ' 4(PO,), was
fitted by a Curie-Weiss law y = C/(T—0cw) + Yhem> WhETE Yhem
is the ferromagnetic contribution of the nano-sized super-
paramagnetic Fe,O; hematite,”” (Supporting Information,
Section 89). We found C=6.01 emuOe 'mol 'K (uy=
5.48 ug/Fe), Ocw-—292K, and Yhem =
3.9.10>emuOe 'mol " p is consistent with the spin-only
value of 5.43 pg/Fe calculated for BaFe® | ((PO,),. ¥nem
matches well the 14 % hematite contribution deduced from
Mossbauer spectroscopy. Predominant antiferromagnetic
Fe’*-O-Fe?* and Fe’*-O-Fe** exchanges®! are revealed by
the negative O.y. Below 80 K, the ZFC/FC divergence shows
weak ferromagnetism with a remanent moment of about
0.2up/FU. (0.12 pp/Fe) at 2 K (Figure 4e). It denotes reminis-
cence of Fe’™-O-Fe’" contacts in the lacunar 2D layers. It
should be recalled that in the pristine Fe*" compound, the 2D
ferromagnetic ordering occurs below 7,=65.5 K.

In summary, the reversible exsolution of Fe*' ions in
a layered Kagomé topology has been shown even at room
temperature. It leads to series of novel fully ordered depleted
lattices that are able to accommodate a versatile concen-
tration of metal vacancies. To the best of our knowledge, such
capacity for “digging and refilling metal holes” with low
energy barrier is unique, because even efficient for large
dense crystals. This reversible diffusion opens broad possibil-
ities for the prospect of novel materials, but also for the
controlled modification of oxides, for example, the trans-
formation of insulators into semiconductors or the achieve-
ment of self-regenerative materials. Besides the general
interest of low-dimensional electronic materials and their
possible connection to magneto-dependent transport, it is
worth proposing that the tuning of cation vacancies rather
than the standard modification of the anion array could be an
alternative to controlling the redox of oxides. Previous
evidence for metal exsolution in 3D-olivine compounds and
several minerals broadens the panorama of cationic exsolu-
tion driven by Fe*"/Fe’" redox. Furthermore, even if Fe
centers are involved, similar Fe-exsolutions can be realized
from mixed-metallic compounds. For instance, the Fe-
depleted mixed Ba(Fe,Co),_(PO,), compounds show unex-
pected magnetic properties and are currently under inves-
tigation.

Experimental Section
Synthesis of the pristine compound BaFe,(PO,), was de-
scribed previously.'” The powder was heated in an alumina
crucible, leading to the depleted compound BaFe, (PO,),.
The temperature and the heating times are given in the main
text for each sample.

For single-crystal XRD, diffraction data were collected
using a DUO-Bruker SMART apex diffractometer (MoKa).
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Intensities were extracted and corrected using the SAINT
program.®! Multi-scan absorption corrections were applied
using the SADABS program.’” The crystal structure refine-
ments were performed using the JANA 2006 program.?!!

Thermogravimetric experiments were carried out on
a thermoanalyzer TGA 92 SETARAM under air atmosphere
using a ramp of 5 °Cmin ™" to 900°C after a 1 h step at 100°C
to avoid trace of water.

High-temperature X-ray diffraction was performed in an
Anton Paar HTK1200N on a D8 Advance Bruker diffrac-
tometer (6—-0 mode, CuKoa radiation) equipped with a Vantec
linear position sensitive detector (PSD). The pattern was
recorded in the range 10-80°(20) (30 min per scan). Between
two patterns the temperature was ramped of 0.08 °Cs™! to
900°C (step AT=25°C) under 5 Lh™" air flow to highlight the
iron exsolution and 600°C under 5 Lh™! H,/N, (3/97 %) gas
flow to highlight the iron re-incorporation.

Both magnetization cycles at T=2 and 300 K (up to 5T)
and temperature-dependent magnetic susceptibility of 5.1 mg
of BaFe***, ((PO,), (after washing the free Fe,O; particles)
were measured using an MPMS squid magnetometer and
corrected from diamagnetism. The sample was blocked in
a capsule without additional gel to avoid external contribu-
tions which can interfere with the hematite signal. The zero
field cooling/field cooling (ZFC/FC) procedure was per-
formed at 0.01 T between 2 and 300 K.

Observations by transmission electron Microscopy
(TEM) were made on an FEI Technai G220. Observations
by scanning electron microscopy (SEM) were made on
a Hitachi S400N.
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