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ABSTRACT: The diversification of antiferromagnetic (AFM) oxides with high
Néel temperature is of fundamental as well as technical interest if one considers the
need for robust AFM in the field of spin-tronics (exchange bias, multiferroics, etc.). "t ”I_
Within the broad series of so-called hexagonal perovskites (HP), the existence of §
face-sharing octahedral units drastically lowers the strength of magnetic exchanges
as compared to corner-sharing octahedral edifices. Here, we show that the partial
introduction of F~ in several Fe-based HP types leads to a drastic increase of the
AFM ordering close to the highest values reported in iron oxides (T & 700 K).
Our experimental results are supported by ab initio calculations. The Ty increase is
explained by the structural effect of the aliovalent F~ for O®  substitution
occurring in preferred anionic positions: it leads to local changes of the Fe—O—Fe
connectivity and to chemical reduction into predominant Fe**, both responsible

Hex. Fe perovskite
100K<T,<200K

Fe-FHP
T\~700K

for drastic magnetic changes.

B INTRODUCTION

Even if antiferromagnetic (AFM) ordering is the most common
case in nature, up to very recently, only little interest was given
to AFM materials for technological applications. The situation
has changed since the practical uses of giant- and tunnelling-
magnetoresistant materials in the field of microelectronics and
spintronics.' > Here, strong pinning of soft ferromagnetic moments
at the bilayered AFM/FM interface by exchange-bias is exploited.””
The quest for performant devices has triggered an intense search
for new antiferromagnets; particularly high performances require
robust AFM materials, that is, high thermal stability of the AFM
ordering. The most technologically significant exchange bias
AFM oxides are the rocksalt-structure such as NiO (T = 523 K)
or CoO (Ty = 293 K) and their alloys.%8 However, the diver-
sification of new advanced systems involves the research for
similar properties in new types of coherent multilayered atomic
interfaces. Within the prospection for oxides with high tempera-
ture magnetic ordering, iron appears as the privileged transition
metal with the strongest spin value in high-spin Fe’* (S = 5/2).
Recently, high Ty AFM Fe-based compounds have known another
regain of interest with the emergence of multiferroic compounds
in which the perovskite BiFeO; (Ty = 643 K, T = 1103 K) is
the most representative example.” Another example concerns the

v ACS Publications ©2011 american chemical Society

bidimensional SrFeO,, which results from the extreme topotactic
reduction of StFeO;_,."° In this compound, the origin of the
unusual high Ty = 473 Kiis still under debate.'"'* In the present
work, we focus on an extended series of polymorphs originating
from the perovskite, the Fe-based hexagonal perovskites. In these
compounds, the existence of face-sharing octahedral units drastically
lowers the 3D-expansion of magnetic interactions, resulting in
weaker Fe—Fe magnetic interactions, as compared to corner-
sharing assembly of standard 3D-perovskites. Here, we show
that the partial substitution of O”~ for F~ in two hexagonal
polytypes (15R and 6H)"? strikingly enhances the Néel tem-
perature up to unprecedent values in this family (Ty > 700 K). It
is explained on the basis of two concomitant effects of the F—
incorporation: (i) the F~ are preferentially incorporated in the
hexagonal layers of the structures, leading to the modification of
the Fe---Fe connectivity that reinforces the magnetic exchanges.
(i) The reduction of Fe*" into Fe** species favors the strongest
exchanges. We examine this aspect on the basis of powder
neutron diffraction (PND), transport/magnetic measurements,
Mossbauer spectroscopy, and density functional calculations.

Received:  March 29, 2011
Published: June 07, 2011

10901 dx.doi.org/10.1021/ja2028603 | J. Am. Chem. Soc. 2011, 133, 10901-10909



Journal of the American Chemical Society

Figure 1. Incorporation of F~ in hexagonal perovskites: (a) c-[BaOj;] layers leading to corner-sharing octahedra. (b) h-[BaO3] leading to face-sharing
octahedra. (c) h'-[BaOF] layers leading to corner-sharing tetrahedra. The ideal position for F is at the center of a FBas bipyramid. (d) Structure of the
partially fluorinated 6H-polytype of sequence [chcchc] with mixture of several Fe configurations. (e) Structure of the 1SR-FHP of sequence [cchch];.
The magnetic structure as refined from PND at room temperature is represented. For the 1SR compounds, the moments were assumed similar in the two
crystallographic sites Fe2 and Fe3 forming the dimers. For the 15R form, the thermal evolution of the moments is given in the Supporting Information.

B EXPERIMENTAL DETAILS

Black polycrystalline samples of 15SR-BaFeF, 03 s (0.15 < x < 0.35)
and 6H-Bag ¢Srg,FeF,05_s (0.15 < x < 0.25) have been obtained
through solid-state reaction using stoichiometric mixtures of BaO,
(Aldrich 95%), SrO, (Aldrich 95%), Fe,O5 (Aldrich 99%), and BaF,
(Aldrich 99%) as starting materials. The mixtures were ground in an
agate mortar and placed in closed (but not sealed) gold tubes. The
samples were subsequently heated 48 h at 900 °C for BaFeF,O;_s and
950 °C for BaggSrg,FeF,0;_s and then quenched to room tempera-
ture. After this stage, the compounds are denoted “as-prepared”, which
corresponds to a partially reduced state. Only the “in-tube” reaction
allows a stoichiometric incorporation of F~ in HP (—FHP). Out of
the concerned x range, samples are found polyphased.'® Also, following
the method described in ref 14 the 6H-oxide-BaFeO;_s (6 = 0.15
according to our titration) was prepared under flowing oxygen, for
comparison of magnetic properties with FHP. This compound transforms
into a cubic-BaFeOj;_ 5 above 900 °C in air. It has not been possible to
stabilize a “reduced” 6H-oxide because the lowest Fe-oxidation state
obtained after heating/cooling at 900 °C in air corresponds to 0=03.
Finally, attempts to reduce the 6H-oxide in dynamic vacuum at 800 °C
led to a mixture of the monoclinic-BaFeO, 5 and BaFe,O,.

XRD-powder patterns were collected on a Bruker D8 diffractometer,
(Cugg radiation) eventually using a high temperature Anton-Paar HTK1200
system under various flowing atmosphere as indicated in the text.

PND-powder analysis was performed on three samples: the 1SR-
BaFe™**F(,0,.4,, BaFe"%F(,0,44 and BaggSro,Fe™* °Fy,0, .4
at the Laboratoire Léon-brillouin (LLB) Saclay, France on the 3T2
diffractometer (4 = 1.2254 A). For the 15R compound, the magnetic
structures from room-temperature to 1.8 K were refined from data
collected with the G41 diffractometer (4 = 2.4226 A). Powder-XRD and
ND data were analyzed with the Rietveld method using the FULLPROF
2000 program.15

Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) were carried out using a combined TG-DTA 92-1600 SETARAM
analyzer. Successive heating/cooling cycles were performed using a rate
of § °C/min.

The oxidation state of iron was determined by a red—ox titration
method. The samples were dissolved in a H;PO,/H,SO, acidic medium
with an excess of Mohr-salt. The formal Fe** reacts with Fe*”, leading to
Fe** formation. The amount of remaining Fe”* ions is determined by
back-titration with a 0.1 M KMnO, solution.

Magnetization cycles and magnetization versus temperature were
applied using an ADE EV9 vibrating sample magnetometer (VSM).
Samples were heated during the measurements via a heated gas flow
(air and N,) in a thermally isolated tube.

Mbssbauer *’Fe spectroscopy was performed in a transmission mode
using a constant acceleration Mossbauer spectrometer (MS1104,
Rostov-na-Donu, Russia) with a *’Co/Rh y-ray sources equipped with
a high temperature setup. Velocities were calibrated with standard o.-Fe
or sodium nitroprusside absorbers; isomer shifts were related to o.-Fe.
Spectra treatment was performed using custom software.

B COMPUTATIONAL METHODS

Density functional theory (DFT) calculations were performed using
the Vienna ab initio simulation package.lé The calculations were carried
out within the generalized gradient approximation (GGA) for the electron
exchange and correlation corrections using the Perdewaang17 func-
tional and the frozen core projected wave vector method.'® The full
geometry optimizations were carried out using a plane wave energy
cutoff of 550 eV and 42 or SO k points (depending on the structural
model) in the irreducible Brillouin zone. All structural optimizations
converged with residual Hellman—Feynman forces on the atoms
smaller than 0.03 eV/A. The geometry optimizations were performed
using nonspin-polarized calculations so that no magnetic configuration
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Table 1. *’Fe Mossbauer Hyperfine Parameters of 15R- and 6H-FHP*

1S, A, 2¢, Hyy T, mm/s I,
compound T,K component mm/s =+ 0.03 mm/s=+0.03 mm/s=£005 T=+0S5 =005 %) £2 assign PND (%
p p g
15R-BaFeF(,0- .45 298 Al 0.37 0.1 50.2 0.3 6 Fe** o 20 Fe** o
A2 0.37 0 49 0.4 10
A3 0.25 —0.5 47 0.34 18 Fe* gmwyn 56 Fe* gumevvn
A4 0.19 0.1 46 0.5 40
AS 021 —02 43 0.4 13 Fe¥ gma) 23 Fe¥ gmav)
A6 —0.09 0 23.5 0.45 12 Fe*'on
A7 —0.11 133 0.75 3
Fe+3.15 Fe+3.04
1SR-BaFeF,0 5.4, 750 Bl 0.04 0.79 0.39 26 Fe* on
B2 —0.12 0.74 0.4 46 Fe* gimwv)
B3 —0.03 0.2 035 28 Fe*' gimav)
298 Cl 0.38 0 49.5 0.6 18 Fe*' o 33 Fe*'op
6H-Bag gSro2Fep 202 45 c2 0.17 0.25 48 0.35 11 Fe gimevyvn) 43 Fe* gimvvn)
c3 0.2 —0.06 45 0.51 23
C4 0.19 —0.13 42 0.45 9 Fe gma) 22 Fe¥ gmay)
Cs 0.24 0 36 0.8 6 Fe**
cé 0.32 0.63 0.47 15
Cc7 —0.08 0 25 1 13 Fe* o
c8 —0.08 0 LS 6
Fe+3.19 Fe+3A16
6H-Bag sSr02Fe020-24s 750 D1 0.03 0.7 0.4 33 Fe* on
D2 —0.12 0.71 0.4 31 Fe* gimv)
D3 —0.05 0.2 0.34 22 Fe*' gimav)
D4 —0.05 0.25 32 0.37 13 impurity

IS, isomer shift relative to o-Fe at ambient temperature; A, quadrupole splitting; €, apparent quadrupole shift; I', line-width; I, relative area.

is favored. The structural models 6H-BaFeO3, 6H-BaFeO, ¢¢F 33, and
6H-BaFeO, 33F 33 were built from the initial structure of 6H-BaFeOj,
and then fully relaxed as described above. For the total energies
calculations, GGA plus on-site repulsion (GGA+U)"? calculations were
employed to account for the strong electron correlation associated with the
3d electrons on the Fe atoms. A plane wave energy cutoff of 400 eV, a
total energy convergence threshold of 107¢, and 91 or 98 k points
(depending on the structural model) in the irreducible Brillouin zone
were used.

B RESULTS AND DISCUSSION

Structural Disorder in FHP. The ABO; hexagonal perovskites
display various stacking sequences of closed-packed [AQO;] layers
that include both hexagonal (h) between face-sharing octahedral
(BaMnOj; type)*° and cubsic (c) layers between corner-sharing
octahedral (LaMnOj type).”'In this family, F~ ideally incorpo-
rate anionic-deficient h-[BaFO] layers in which F~ and O*~
occupy distinct crystallographic positions, yielding B,O, pairs
of corner-sharing tetrahedra and FBas bipyramid, Figure la—c.
We have recently prepared 6H (with the [ chechc] stacking sequence,
Figure 1d) and 15R (with the [cchch]; stacking sequence, Figure 1e)
(Ba,Sr),Fe, 05 _F, fluorinated-hexagonal-perovskites (FHP)."
In absence of fluorine, the 1SR- form was only stabilized by
a significant substitution of iron for a tetravalent metal (Ir*',
Mn*"),**?3 while we obtained single-phase 15R-BaFeF,O; s for
0.15 < x < 0.35. The replacement of 20% Ba for Sr leads to
6H-Bag sSrg,FeF,O;5_s for 0.15 < x < 0.25. Here, also the

formation is favored by F~ because the nonfluorinated specimen
is prepared under oxygen pressure'* in contrary to our syntheses
(see Experimental Details). The prepared FHP corresponds to
intermediate degrees of fluorination of the hexagonal layers,
leading to disordered h-[BaOF,;_,0;_,] layers at the basis of
extended defect structures. Even if minor in terms of concentra-
tion, these defects are responsible for drastic magnetic changes.
In fact, oxygen vacancies favor the displacement of part of the F~
out of their ideal positions toward the metal positions. As pre-
viously verified, variously sized dimers then cohabit in the same
blocks, Fe,O, tetrahedral and Fe,(O,F)o_, pyramidal/octahe-
dral pairs; see Figure le.'® Apart from this structural modification,
the reducing effect of F~ when introduced in anionic array is
drastic, for example, from the ideal 6H-[chcchc]BaFe* O to
6H'-[chcch/c]BaFe™**F, ,O, , after complete fluorination of
h-[BaO;] layers into h'-[BaOF] layers. It is clear that the
increased concentration of Fe®* cations should reinforce the
magnetic interactions. Experimental evidence for the simulta-
neous presence of several Fe-coordinations is given by PND data
for selected 1SR and 6H compounds, Table 1.

Typically, in their as-prepared states, we refined ~30—35% of
[Fe,0] tetrahedral pairs versus 70—65% of [Fe,(O,F)y_,]
pyramidal/octahedral pairs (see Supporting Information S1 data)
assorted with a mean valence close to Fe** in agreement with our
redox titrations. By comparison, the particular role of iron is
highlighted by previous results on the SH-BasCosXO;3_s and
12H-BagCosXO016_s (X = F,Cl7) polytypes. In fact, in these
compounds, halides also incorporate central hexagonal layers,
but in an almost stoichiometric way, leading to [BaOX; _s] layers
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Figure 2. Thermal gravimetric analysis, evolution of the c-lattice parameter, and thermal susceptibility under various atmosphere for (a,c,e) 1SR-
BaFeF(,0-,.44 and (b,d,f) 6H-Bag §Sro2Fep20-.4s. The mean valence state for iron was deduced from PND/redox titration at room temperature and

assumed at highest temperature from TGA curves.

24727 which are stable

bordered by Co,0; tetrahedral-pairs only,
upon thermal treatments.”*>°

Thermal Stability of FHP. Preliminary to the investigation of
high-temperature magnetism the basis of this work, it is necessary
to mention the particular thermal behavior of as-prepared FHP.
Contrary to the metastable fluorinated-cubic-perovskites,®" these
iron-FHPs show a good structural stability above 1000 °C because
single-phased XRD patterns persist on several heating/cooling
cycles. Also, elemental analyses after long thermal treatments
at 900 °C show no significant fluorine removal for the 15R-
BaFeF,0;_, compounds, while a sensitive deviation of ~50%
of the introduced fluoride content has been quantified in the
6H-Bay ¢Sty ,FeF,O;_, compound. In contrast to the cubic AFe,OF
(A = Ba,Sr), which decomposes at 750 °C into AF, salts,' the
striking stability of Fe-FHP is made possible by the reversible reor-
ganization, upon heating/cooling, of the anionic array ( O*,F,
and vacancies) within the disorganized h-layers."> Next, under
flowing air, both the 6H and the 15R as-prepared compounds
undergo a reversible partial oxidation between 600 and 800 K but
remain single-phased. The TGA and thermal dependence of
the c-parameters are shown in Figure 2a—d. This behavior is
accompanied by a significant increase of the concentration of
octahedral dimers at the tetrahedral expense.'® This effect is
limited under neutral atmosphere as shown in Figure 2a,c for the
15R polytype. The 6H-form is more sensitive to redox variations,
and the TGA under flowing Ar shows an irreversible partial
reduction, which finally leads to a mixture of two 6H compounds.
However, we observed by Mossbauer spectroscopy that this
degradation is not efficient in static Ar, which enables a probing

of as-prepared state at high temperature. The particular relation-
ship between the presence of F~ and the creation of tetrahedra in
the hexagonal-interleave has been discussed above, but is clearly
depicted in Figure 3. On cooling from high to room temperature,
we show the evolutions of the c-lattice parameter, and of the
different Fe—Fe separations d1 (across a h-layer) and d2 (across
a c-layer) projected along the c-axis for both the FHP 6H-
Bag sSrg2FeFg205.4 (0: 0.6,000°c — 0.44rr) and the oxide 6H
(0: 0.47909°c — 0.3gT). Clearly, the much greatest expansion-
parameter for the oxofluoride is achieved by the “breathing”
effect of d1 (Ad = 0.28 A) due to the octahedral-pairs into
tetrahedral-pairs transformation of tetrahedral pairs in the hex-
agonal interleave.' In the corresponding oxide, the amplitude of
the d1 expansion (Ad = 0.16 A) is much lower, especially taking
into account that the high-temperature distance merely coincides
with those at room temperature for the oxofluoride. This feature
plays in favor of the conservation of the octahedral pairs in this
latter, even in its partially reduced high-temperature form. We
will see later the fundamental importance of tetrahedral-pairs on
the magnetic properties. Once more, one should recall that our
attempts to reduce more the 6H-oxide failed; see Experimental
Details.

Magnetic Properties. Even at room temperature, the PND
data show heavy magnetic contributions, which correspond to
the 3D-AFM ordering. The refinement of the two magnetic
structures gives similar site-to-site antiparallel topologies, with
respect to the propagation vector k = (0,0,0) in the 6H form
(identical magnetic and structural unit cell) and k = (0,0,1/2) in
the 1SR form (doubled-c magnetic unit cell). We refined from
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Figure 3. Thermal evolution of the c-lattice parameter and the intermetallic separations pro;ected on the c-axis (d1, interhexagonal slab Fe2—Fe2; d2,
cubic to hexagonal) upon cooling for (a) 6H-Bag gSro,Fe > Fy,0, 45 and (b) 6H-BaFe*>70, gs.

data collected at room temperature (4 = 1.22 A, 3T2, LLB,
Saclay, France):

6H-Bag S92 Fe™>1°F(,0, 45 :
M(Feoes) = 2.72(7)t and
M (Fegimer) = 3.56(4)ug

1SR-BaFe™%F;,0,.4, :
M(Feoua) = 3.86(7)uy and
M(Fedimer) = 303(1)MB

The magneto-crystalline anisotropy is different for both
compounds because moments lie in the (a,b) plane in the 6H-
form and are aligned to the c-axis in the 15R-form, Figure 1d
and e. The same site-to-site AFM ordering associated with
similar disparity in terms of magnetocrystalline anisotropy was
already reported for related compounds, for example, moments
in the (a,b) planes in the 1SR-SrMng oFe ;055 (T =220 K),»
15R-Balrg 3Fe; ;0,0 (T = 200 K), and 6H-Balr,,Fe( 5O, 93-
(T = 220 K)** and moments parallel to ¢ in the 6H-BaFeg6.
Woy330;5 (200 K < Ty < 300 K).** This behavior is hardly
predictable because we have recentely demonstrated the drastic
effect of minor changes of the ratio of anionic vacancies on the
orientation of the moments between the SH and 12H forms
BaCoF,0;_, FHP.** One should recall that in these Co oxo-
fluorides, the AFM ordering is different from what is observed in
Fe-FHP but still involves strong AFM exchanges between two
tetrahedra of the dimers.

The most striking magnetic features of FHP concern their
excessively high Néel temperature that we can roughly estimate
to ~700 K from the amplitude of the ordered moments at RT,

10905

in agreement with the moment reduction expected for § = 5/2
Brillouin curve when T/ Ty A 0.4. The same extrapolation can be
performed on several high Ty oxides such as Sr,Fe, 05,
Ca,Fe,05,>* LaCa,Fe;0y, and Ba, 4Ca, ;Y ;FesO,3>° that also
show M(Fe**) & 3.5 up at RT and Ty > 700 K. In these oxides,
the high Ty arises from strong ~180° Fe>*—O—Fe®" super-
exchanges. In both FHP, it comes out that Ty & 700 K corres-
ponds to the most robust antiferromagnetism observed in the
broad series of hexagonal-perovskite. For comparison, it is worth
recalling that in the nonfluorinated 6H-BaFeO;_, Ty is below
130 K. As detailed above (Figure 3), we have not been able to
prepare the 6H-BaFeOs_ oxide with predominant Fe*, with a
significant contribution of tetrahedral dimers, and the magnetism
of our nonfluorinated sample looks similar to reported charac-
terizations. For the 1SR-FHP, the comparison is less relevant
because oxides were only prepared with a significant amount of
Ir**/Mn*" in the B site (M = Ir**, Mn*") and all show Ty lower
than 220 K. In FHPs, the persistence of the magnetic ordering
until high temperature has been probed by both high-tempera-
ture magnetization measurements and Mossbauer spectroscopy.

We examined carefully these data, taking into account the
complex redox chemistry of FHP mentioned above. In fact,
in situ XRD show that their ability to incorporate/remove oxygen
on heating/cooling through anion rearrangement corresponds to
areversible oxidation of Fe,O- pairs into Fe,Og_, pairs, while O,
F, and vacancies reorganize within the h-layers."> Therefore,
thermal magnetization measurements in air and flowing N, diverge
below T, reminiscent of the redox changes. We find Ty = 680 K,
Ocw=—470K, Uoqg=4.42 uB/Fe for the 15SR-BaFeF,,0;_, and
Tn=710K, O¢,, = —1357 K, ptegg = 5.25 uB/Fe for the 6H-FHP
Bay sSrp2FeF,0;_,, from the data collected under N, upon

dx.doi.org/10.1021/ja2028603 |J. Am. Chem. Soc. 2011, 133, 10901-10909
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Figure 4. "Fe Mossbauer spectra of (a—d) 15R- and (e—h) 6H-FHP recorded in Ar at temperatures indicated (insets show the corresponding

magnetic field distributions).

heating Figure 2e,f. The high magnitudes of O¢,, comfort the
strong dominant AFM exchanges in both compounds. The
Ueg values are in good agreement with the majority of Fe®*
deduced from PND and redox titration (¢.g = 5.91 uB/Fe in
the spin-only model).

Magnetization curves also show that below Ty, antiferromag-
netism is accompanied by a weak remanent moment of 0.03
and 0.01 #B/f.u. at room temperature for the 1SR and 6H tested
compounds (Supporting Information $4). It likely results from
the presence in the hexagonal slabs of various iron coordinations
and valence states, although the Fe** predominates. It should
generate competition between antagonist exchanges, such as
AFM Fe®* —O—Fe®" but also less numerous FM Fe** —O—Fe**
superexchanges. This disorder could result in uncompensated
AFM alignment or FM local aggregate. This behavior, which
combines AFM and weak FM, is reminiscent of what is observed
for the 6H-BaFeO;_s oxide in which magnetic domains exist

below 170 K and cohabit with a long-range AFM ordering below
Tn = 130 K**The randomly distributed frustrations were
assigned to the competition of the magnetic interactions between
Fe spins with different S in the local region. However, this anal-
ogy with our 6H-FHP is rather limited due to the persistence of
AFM until 730 K.

Mossbauer Spectroscopy. For a clear vision of the “as-prepared”
magnetic states, high-temperature Mossbauer spectroscopy was per-
formed under both air and argon. For reasons of clarity, the results
obtained under argon will be presented here, even though the partial
reduction of the samples in this static gas cannot be fully avoided, as
suggested for the 6H compound by TGA in more reducing condi-
tions (flowing Ar). The ambient temperature Mossbauer spectra of
both the 15R and the 6H compounds are shown in Figure 4. The
spectra are magnetically split, and each of them mainly consists of
overlapped broadened Zeeman sextets (Table 1). The isomer shifts
(1S) for the major components ranged between 0.19 and 0.38 mm/s
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Table 2. Local Structure of the Optimized Structural Models 6H-BaFeO3, 6H-BaFeO, ¢Fy 33, and 6H-BaFeO, 33F 33, and
the Corresponding J Values (J; and J,) Together with the Calculated Magnetic Moments Obtained from the AF1 Magnetic

Configuration (See Figure S1d)

Compound 6H-BaFeO; (Fe*") 6H-BaFeO, ¢Fy 33 (Fe*%) 6H-BaFeO, 33F, 3 (Fe™")
. Fegn
Local
Environment h{B;O,,
dere (A) 3.873 3.82-3.92 3.822/3.792
<Fe-O-Fe 177.21° 170.1°-175.7° 165.2°/164.3°
0|
11 (K) 123.21 -5.90 -115.04
dipere (A) 2.572 2.758 3.476
<Fe-O-Fe 85.62° 94.9°-95.0° 171.07°
12
12 (K) -41.17 -79.54 -247.26
DFT calculated Fe atoms magnetic moment
M(Feop) (UB) 3.48 4.19 4.04
M(Fegim.) (UB) 4.19 3.59 4.18

corresponding to the high spin Fe**. The sextets with highest IS’s
and highest values of magnetic hyperfine fields, Hyss, that is, Al,
A2 and C1 for 15R- and 6H-FHP, respectively, are to be attributed
to the octahedrally coordinated sites. The sextets A3, A4, AS (in 15R)
and C2, C3, C4 (in 6H) could be assigned to the Fe>" cations
in Fe,(O,F)y_, dimers around h-layers: A3, A4 and C2, C3 in
Fe,04(O,F), pyramidal pairs and AS and C4 in Fe,O, tetrahedral
pairs. The observed IS’s values for these sextets are typical for Fe’*
cations in oxides and somewhat lower than those reported
for oxo-fluorides with high degrees of fluorination, for example,
BaFeO,F.*”*® This suggests that F~ anions do not directly involve in
the Fe coordination and thus backs up the structural models. The
correlation between the relative contributions of sextets with results
from NPD is rather difficult considering the presence of Fe*" cations
likely distributed on several crystallographic positions, Table 1.
Indeed, low IS’s Fe™* components are mostly magnetically split
(A6, A7 and C7, C8 in Table 1) and, especially for the 6H FHP,
substantially broadened. The deduced Fe mean valence from the
Mbssbauer Fe*" partial contributions (Fe™"> and Fe**' for the
15R and the 6H compounds, respectively) is in rather good agree-
ment with chemical titration and NPD. Besides, there are two
additional broadened Fe** components in the 6H spectrum (sextet
CS, paramagnetic C6), which are likely a result of spin relaxation of

Fe* caused by a combination of several factors, particles size
distribution, mixed Fe>*/Fe*" valence, and structural defects.
High-temperature Mossbauer spectra in static Ar confirm the
transition of both FHPs at elevated temperature. It is notable that
this transition is extended over the wide temperature range of
about 150 K, where magnetic and paramagnetic spectral compo-
nents coexist, which is reminiscent of defected magnetic struc-
tures.The magnetic components completely vanished from the
spectra at temperatures close to 750 K that correlates well with
the Ty values of about 700—730 K for both compounds as
determined by magnetic susceptibility measurements (Figure 4).
The spectra at 750 K can be described by a superposition of
several unresolved paramagnetic doublets. In the 6H spectrum,
the minor magnetically split D4 component presumably belongs
to an impurity with higher Ty, which could result from the partial
reduction on heating in Ar. Despite strong overlapping of doublets,
the robust fitting of the 15R and 6H spectra was achieved with
three doublets, as shown in Figure 4d,h, with parameters agreeing
excellently with the ambient temperature values. According to
their hyperfine parameters, doublets B1 and D1 are to be attri-
buted to the octahedral positions, while B2/D2 and B3/D3 are
attributed to S-fold and tetrahedrally coordinated sites around
h-layers, respectively. It is worth mentioning that IS’s of all of the
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doublets correspond, with respect to the second-order Doppler
temperature shift,>® to Fe**, and thus lack of the Fe*" compo-
nents is observed, which comforts the partial reduction of those
compounds under current conditions and the absence of octa-
hedral pairs bordering the h-layers.

Theoretical Certification. To assign the physical origin of the
abnormally robust antiferromagnetism of Fe-FHP, we examined
the magnetic properties of the 6H-BaFeOj3 and fluorinated deriva-
tives from the viewpoint of two super exchange paths, J; and J,
(Table 2), through first-principles density functional theory
(DFT) calculations. We consider different structural models by
introduction of F~ into the ideal oxide 6H-BaFeOj3 (Figure S1b).
h'-[BaOF] layers lead to corner-sharing tetrahedra, while h'-[BaO,F]
layers yield edge-sharing pyramids (Table 2 and Figure S1b). All
structures were fully relaxed using the VASP program (Supporting
Information S1). Distances and angles of interest are reported in
Table 2 as well as the magnetic exchange coupling (J; and J,) and
the calculated magnetic moments on the iron atoms, Feg;,, and
Feopn. To access J; and ], values, the total energies of three
ordered spin states were calculated (Supporting Information S1).
The strong electronic correlation associated with the Fe 3d states
was taken into account using GGA+U calculations with Ueg =
5 eV. This value was taken from the literature dealing with the
related BaFeO3;39 in addition, U, values in the range 4—6 eV
lead to qualitatively the same results. The energies of these
ordered spin states are expressed using the spin Hamiltonian
H= —Zi<j]ij:91- Sj, where J;; = (J1, J») corresponds to the exchange
between spins i and j. J; and ], are then extracted according to
the procedure detailed in the Supporting Information.

For the 6H-BaFeO;, we found |Ji(rmy| > |J2(army|, consistent
with 180° and 90° Fe** —O—Fe*" superexchanges (Fe—O—Fe =
177.2° and 85.6° from the Kanamori—Goodenough rules).*
The passage from octahedral to tetrahedral pairs (via pyramidal
dimers) is accompanied by a reversal of J; sign from FM to AFM,
while J,apm) becomes strongly predominant. In the 6H-
BaFeO, 33F( 33 end-member compound, the AFM interactions
are consistent with the predicted 180° Fe®>* —O—Fe®" exchanges
(Fegim—O—Fegim = 171.07° and Fegy, —O—Fegp, = 165.16°).
Therefore, the changes in Fe—O—Fe connectivity after fluorine
insertion in h-layers drive drastic increases of ], exchanges, while
they approach 180° superexchanges. It is difficult to separate the
effects of the geometrical changes and of the Fe*" (S = 2) to Fe**
(S = 5/2) reduction. The geometrical effect could be more
involved in the ], changes, at the origin of robust intratetrahedral
AFM. The valence effect should mostly influence J;, responsible
for the FM — ~0 — AFM transition, while the Fe—O—Fe angle
smoothly varies from 177° to 165°.

The calculated spin moment values given in Table 2 are
consistent with high spin states in all sites for the three structures,
as experimentally observed in the disordered 6H and 1SR forms.
However, these values should not be taken too literally, due to
the calculation method and to covalent diluting effects.

It is striking that according to PND and Mossbauer results for
both the 6H and the 1SR archetypes, hexagonal interleaves
consist of about 30% of tetrahedral dimers, while the remaining
part mostly have S-fold configurations. So, the high Ty &~ 700 K
reflects the impact of a minority of the tetrahedral dimers on the
collective magnetic ordering. It is such that FHP magnetically
order well above other iron hexagonal perovskites (Ty = 172 K
in 12H-BaFeO;_4,*' Ty = 130 Kin 6H-BaFeO;_,>° Ty < 220K
in Ba(Fe,M)O;_4)*>** and reach values of corner-sharing Fe oxides
derived from the cubic perovskite (T = 740 K in LaFeO;)* and

hexa-ferrite materials (T for BaFe;;019 = 726 K).** A most
exhaustive list of concerned compounds is given in the Supporting
Information SS.

B CONCLUSION

The possibility to tune magnetic/electric properties playing
on the anionic sublattice is offered by the insertion of fluorine. A
number of examples exist in which mixed O>7/F or interstitial
F~ accommodate metal redox changes responsible for specta-
cular modifications of the properties, that is, ferromagnetic
Sr,Mn,(O,F)s,** superconducting Sr,CuO,F,,s,* or AFM-
BaCoF,CO3,y25’27’30 polytypes issued from FM-BaCoO;_4***
polytypes. We have demonstrated in iron FHP that the con-
comitant effects of the Fe*" to Fe®* reduction and the subsequent
modifications of a part of the Fe—O—Fe connectivity influence
the collective magnetic ordering toward highest Ty (~700 K)
observed in the broad family of hexagonal perovskites. The
incorporation of fluorine in the hexagonal network is accompa-
nied by the replacement of face-sharing by edge/corner-sharing
dimers, while in practice leading to an extended defect structure
that combines all topologies. Our DFT calculations confirm
that the Fe---Fe magnetic exchanges involved in the hexagonal
interleave gradually increase along the Fe,O — Fe,Og — Fe, O,
transformation, responsible for the unprecedented robust AFM
within diversified topologies.

B ASSOCIATED CONTENT

© Supporting Information. Details of ab initio calcula-
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