Supplementary Materials:

Unprecedented robust antiferromagnetism in fluorinated hexagonal
perovskite

Mihai Sturzal, Houria Kabbourl, Sylvie Daviero-Minaudl, Dmitry Filimonovz,
Konstantin Pokholok?, Nicolas Tiercelin®, Florence Porcher?, Laurent Aldon’, Olivier
Mentré"*

! Université Lille Nord de France. UCCS, CNRS UMR 81 81, ENSCL-USTL, Villeneuve d’Ascq, France.
2Department of Chemistry, Moscow State University, 119991 Moscow, Russia

3 International Associated Laboratory LEMAC: IEMN, UMR CNRS 8520, PRES Lille Nord de France, EC Lille,
Villeneuve d'Ascq, France

Laboratoire Léon Brillouin, CEA Saclay, 91191 Gif-sur-Yveite Cedex, France

’ Université Montpellier 2, CNRS, Inst. Ch. Gerhardt, UMR 5253, France

*E-mail: olivier.mentre @ensc-lille.fr

S1



S1. Computation methods

DFT calculations methods: Density functional theory (DFT) calculations were performed
using the Vienna ab initio simulation palckalge.1 The calculations were carried out within the
generalized gradient approximation (GGA) for the electron exchange and correlation
corrections using the PerdeW—Wang2 functional 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 50 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 non-spin-polarized calculations so that no magnetic configuration is favored. The
structural models 6H-BaFeOs, 6H-BaFeO, ¢cFo 33 and 6H-BaFeO, 33F; 33 were built from the
initial structure of 6H-BaFeO3 and then fully relaxed as described above (fig. S1b).

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 10 and 91 or 98 k points (depending on the structural model) in
the irreducible Brillouin zone were used.

Table S1a. Relative energies of the different magnetic configurations used to extract
the magnetic exchange parameters, for the three structural models for Ues= 5 eV. The most
stable configurations are set to 0.

6H—B3.F€O3 6H-B aFe02.66F0,33 6H—B3.F602.33F0.33
Relative FM 0 0.18601 2.01973
energies AF1 0.96249 0 0
(eV/unit cell) AF2 1.01926 0.12871 0.53268

In order to access the J values, the total energies of the three ordered spin states FM,
AF1 and AF2 depicted in Fig. S1d were calculated using GGA+U calculations with Ugg= 5eV,
increasing the Ugs value up to 6 eV led to qualitatively the same results. Their relative
energies are summarized in Table Sla for the three models, namely 6H-BaFeOs;, 6H-
BaFeO, ¢6F 33 and 6H-BaFeO, 33F; 33. In the case of 6H-BaFeOs, the most stable state is found
to be ferromagnetic, while for 6H-BaFe; ¢cF 33 and 6H-BaFe; 33F 33, the anti-ferromagnetic
AF1 configuration is found to be the most stable.

The 6H-BaFeOs3 has been barely studied from the theoretical point of view 3, However,
many experimental studies were carried out for compounds 6H-BaFeOs_s exhibiting slight
oxygen deficiency. AFM ordering and semiconducting behavior has been reported in most
cases. Evidence of charge disproportionation has been reported in several articles, by means
of Mossbauer studies in particular. The charge disproportionation is announced to accompany
both a magnetic transition and a charge ordering without major structural changes 9 In our
calculations of the structural model 6H-BaFeOs, an ideal structure is taken in account so that
the expected average oxidation state for iron is Fe**. The observed complex behavior
complicates proper electronic structure calculations on these oxides as well as on the
fluorinated compounds. As a matter of fact, difficulties were encountered for some of the
configurations. Nevertheless, accurate total energies could be obtained and were used to
extract the J values (see below).

The energies of the ordered spin states are expressed using the spin Hamiltonian,

H=— E:‘«:;Jr:; 5 5:-‘
where Ji= (J1, J2) correspond to the SE parameters for the spin site i and j. The total SE
energies are written as follows:
Epv= (-12J1 - 2J2)N?%/4
Earp= (12J1 - 2J2)N?/4
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Eam= (12J1 + 2J2)N?%/4 (exp)

The magnetic exchange parameters J1 and J2 are then extracted by equating relative
energies of the different magnetic configurations to the corresponding energy differences
from the total SE energies. J1 and J2 are reported in Table 2 for each of the studied structural
model.
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Figure S1b. Structural model after optimization of (a) 6H-BaFeO3, (b) 6H-BaFeO s6F 33
and (C) 6H—BaF602.33F().33
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Figure Slc. Local environments in (a) 6H-BaFeOj3: a face-sharing octahedrons dimmer
linked by the outer corners to octahedrons. J1 is indicated as a red arrow and represent the
magnetic interaction Fe,p-Fegi. Fegm refers to iron atoms within the dimmers and Fe,, to
iron atoms within corner sharing only octahedrons. J2 is indicated as a green arrow and
refers to the intra-dimmer magnetic interaction Fegy,-Fegim. (b) 6H-BaFeQO» s6F33: here the
dimmers are formed by edge-sharing pyramids and are linked to octahedrons by the outer
corners. And (c) 6H-BaFeQ-33F33: here the dimmers are formed by corner-sharing
tetrahedrons linked to octahedrons through their outer corners. Fe,,, Fegy,, JI and J2 are
only indicated in (a) but do also apply in the case of (b) and (c).
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Figure S1d. Representation of the three magnetic configurations used in our calculations:
FM, AF1 and AF2. Only Fe atoms are represented for clarity. Up spins are represented by
empty circles and down spins by black filled circles. J1 and J2 are indicated by red and green
bonds between Fe atoms, respectively.

S2. Room-temperature Neutron Diffraction for 6H-Ba, sSr(,FeF,,0;.; and
15R-BaFe™"F,,0,.4,

The structure is disordered, with a mixing of several iron coordinations in the
hexagonal slabs. It creates a variety of Ba and Fe local coordinates, which are evidenced by
the splitting and/or strong thermal anisotropy of atoms along the c-axis. The difficulty during
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the refinement arises from this disordered assorted with antiferromagnetic ordering even at
room temperature.

Table S2a: Atomic parameters from the powder Neutron experiment for
BagsSrooFe ™ °F,0045 (a = 5.70493(5) A, ¢ = 14.2735(2) A, Bragg R-factor: 5.86%;
Rf-factor= 5.88% ). Atomic coordinates and isotropic thermal displacement parameters.

Atom Wyck. /Occ. X Y z U eq./iso* (A%
Bal 2b/1.00(4) 0 0 1/4 0.0166(4)
Srl 2b/0.42(4) 0 0 1/4 0.0166(4)
Ba2 4£/1.20(2) 1/3 2/3 0.0804(3) 0.0166(4)
Sr2 4£/0.22(2) 1/3 2/3 0.0804(3) 0.0166(4)
Fel 2a/1.4169 0 0 0 0.0091(3)
Fe2 4£/0.70(3) 1/3 2/3 0.8731(7) 0.0091(3)
Fe2’ 41£/0.75(3) 2/3 1/3 0.1541(7) 0.0091(3)
0Ol 12k/1.4169 0.8355(5) 0.6711(5) 0.08538(12) 0.0258(3)
hexagonal layer : anions

(O,F)on 6h/(0.592(9))  0.5296(13) 0.0591(13) 1/4 0.0258(3)
Oy 6h/0.161(8) 0.615(4) 0.229(4) 1/4 0.0258(3)
Fg.s 6h/0.213(7) 0.381(3) 0.762(3) 1/4 0.0258(3)

The deduced distribution of Fe,(O,F)y« polyhedra in the hexagonal slabs :
Fe,(0O,F)g octahedral face-shared dimers = few% ;

Fe,(0O,F)g penta-coordinated edge-shared dimers = 56%
Fe,O7 tetrahedral dimers = 34%
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Figure S2b: Calculated and observed ND-profiles of the Rietveld refinement for
Ba0.8SV0.2F€+3']6F0.202.48, 3T2 difractometer (A = 1.2254 fi, Bragg R-factor: 5.86%; Rf-
factor= 5.88%,; R-mag=5.67%). The second phase corresponds to the antiferromagnetic
magnetic structure which exists at room-temperature
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Table S2c¢: Selected bond distances (A) in Bao.gsro.zFeJr&16Fo.202.4g. The distances noted* are
too short, due to the bad localization of Fe2 and Fe2’ in their tetrahedral coordination, masked
by their thermal vibration along c.

Table S2d:

atoms dA)
Fel — O1(x6) 2.031(2)
Fe2’p, — O1(x3) 1.936(6)
Fe2’ oy — (0,F)ou(x2 or x3) 1.926(8)
Fe2’7,— O1(x3) 1.936(6)
Fe2’r;— Ogy (x1) > 1.463(2)*
Fe2y, - O1 (x3) 1.7714)
Fe20h - (O,F)Oh (X2 or X3) 2.219(9)
Fe2y, - O1 (x3) 1.7714)
Fe2r;— Opy >1.831(1)*
Fe2’ — Fe2’ 2.737(4)
Fe2 - Fe2 3.514(5)
Fe2’ — Fe2 3.126(2)

FBaS - Bal(x3)
FBaS —Ba2

3.085(2)- 3.765(1)
2.466(5)

Atomic parameters from the powder Neutron experiment for as-prepared
BaFe™™F(,0,4 (a = 5.74912(9)A, ¢ = 36.1902(7)A, Bragg R-factor: 8.28% ; Rf-factor=
7.33%). Atomic coordinates and isotropic thermal displacement parameters.

Atom Wyck. /Occ. X y V7 U eq./iso. (A%)
Bal 6¢/1 0 0 0.1324(2) 0.022(3)
Ba2 6¢/1 1/3 2/3 0.07043(20) 0.0152(12)
Ba3 3a/0.354(4) 0 0 0 0.005(2
Ba3' 6¢/0.322(8) 0 0 0.0138(5) 0.005(2)
Fel 3b/1 1/3 2/3 1/6 0.0112(9)
Fe2 6¢/1 2/3 1/3 0.02458 0.0100(13)
Fe3 6¢/1 2/3 1/3 0.10901 0.0214(10)
01 9e/1 0 172 0 0.0213(8)
02 18h/1 0.1682(4) -0.1682(4) 0.20028(9)  0.0167(6)
hexagonal layer : anions

(O,F)on 18h/(0.39,0.07) -0.1932(9) 0.1932(9) 0.0677(2) 0.043(3)
Oy 18h/0.132(8) -0.281(3)  0.281(3) 0.0688(9) 0.043(3)
Fg.s 18h/0.096(5) 0.030(4) -0.030(4) 0.0668(9) 0.043(3)

Table S2e: anisotropic thermal displacement parameters for BaFe"F(,0,.4;

Atom Ull U22 U33 U12 U13 U23
Bal 0.0042(8) 0.0042(8)  0.057(6) -0.0021(8) 0.00000  0.00000
Fe2 0.0037(11) 0.0037(11) 0.0226(18) -0.0062(11)  0.00000  0.00000

Fe3

0.00437(12) 0.00437(12) 0.055(3)

-0.00218(12)  0.00000  0.00000
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The Deduced distribution of Fe,(O,F)q.x polyhedra in the hexagonal slabs is :
Fe,(0O,F)g octahedral face-shared dimers = few% ;

Fe,(0O,F)g penta-coordinated edge-shared dimers = 71%

Fe,O5 tetrahedral dimers = 29%

Table S2f: Selected bond distances (A) in BaFe" '04F0,202,42. The distances noted* are too
short, due to the bad localization of Fe2 and Fe3 in their tetrahedral coordination, masked by
their thermal vibration along c.

atoms d(A)
Fel — O2(x6) 2.045(3)
Fe2y, — O1(x3) 1.882(9)
Fe2¢p;, — (O,F)on(x2 or x3) 2.093(6)
Fe27; - 01(x3) 1.882(9)
Fe2 ;- Orqs(x1) >1.68(3)*
Fe3p, — 02 (x3) 1.887(2)
Fe3o,— (O,F)on (x2 or x3) 2.045(6)
Fe37,—- 02 (x3) 1.887(2)
Fe3 75— Opq (x1) >1.55(3)*
Fe2 — Fe3 3.055(5)
Frs— Ba2(x3) 3.020(3)-3.483(1)
F ;- Bal 2.39(3)
F 74— Ba3’ 2.93(4)
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Figure S2g: Calculated and observed ND-profiles of the Rietveld refinement for
BaFe+3'04F0_202,42, data collected with 3T2 difractometer (A = 1.2254 A, Bragg R-factor:
8.28% ; Rf-factor= 7.33%; R-mag=13.8%). The second phase corresponds to the
antiferromagnetic magnetic structure which exists at room-temperature.

S3. Low temperature powder neutron diffraction in the 15SR-BaFeF,,0;.,
( two samples : varying the volume g,ppi/volume g, ratio)

Several as-prepared 15R samples corresponding to x=0.2, have been obtained with
various filling of the gold tube (modification of Vpowaer/Vair) before heating, have been
investigated by means of neutron diffraction at room temperature. As a general result, the
lattice parameters appear to depend on the synthesis conditions. For instance, a change of the
¢ axis from 36.09 to 36.19 occurs on increasing Vpowder/ Vair. Our structural refinements show
that increasing the Vpowder/ Vair ratio (in favour of iron reduction) is accompanied by a lattice
expansion. In fact this effect is very sensitive since by comparison between the compound
BaFe™*'F,,0, 4 prepared in a 3/4 filled gold tube (a = 5.74912(9)A, ¢ = 36.1902(7)A) and
BaFe™**F;,0,.44 prepared in a 2/3 filled gold tube (a = 5.74324(1)A, ¢ = 36.093(1)A). The
x=0.2 ratio is stoichiometrically conserved during the synthesis, on the basis of the F titration.
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Figure S3a: Variation of the magnetic peaks function of temperature for 15R-FHP
BaFe+3'08F0.202.42, data collected with the G41 diffractometer (1=2.4226 A ).

MFe2=3.45(9) g

MFe3=2.48(8) g

MFe1=3.27(2) pg

Figure S3b: Magnetic structure for 15R-FHP BaFe+3'08Fo,202,42 at 299K data collected with

the G41 diffractometer (A=2.4226 A, Bragg R-factor: 11.5%; Rf-factor= 13.2%;
R-mag=18.9%).
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Figure S3c: Variation of the refined magnetic moments for 15R-FHP BaF e+3‘08F0,202,42 as a
function of temperature between 1.5K and 299K, data collected with the G41 diffractometer

(A=2.4226 A).
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Figure S3d: Variation of the magnetic peaks function of temperature for 15R-FHP
BaFe**™F,,0, .4, data collected with the G41 diffractometer (1=2.4226 A).
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Figure S3e: Magnetic structure for 15R-FHP BaFe+3'04F0,202,42 at 299K data collected with
the G41 diffractometer (1=2.4226 A, Bragg R-factor: 4.8%; Rf-factor= 2.49%; R-

mag=4.54%).
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Figure S3f: Variation of the refined magnetic moments for 15SR-FHP BaF, e+3'04F0.202.42 as a
function of temperature between 1.5K and 299K, data collected with the G41 diffractometer

(A=2.4226 A).
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R-mag=5.67%).
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Figure S3h: Magnetic structure for 6H-Bay sSro2F et 0205 45 at 299K data collected with
the 3T2 diffractometer (A = 1.2254 A, Bragg R-factor: 5.86%; Rf-factor= 5.88%; R
mag=>5.67%).
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S4. Magnetic measurements

Figure S4a: Variation of hysteresis loop for 15R-FHP BaFeF,0; 4 function of temperature
between 298K and 773K.1t shows the existence of weak moment below Ty.
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Figure S4b: Temperature dependence of the molar susceptibility measured in an applied
field of 5000 Oe in the full available temperature range.
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Table S4c: Values of ordering temperature, Curie-Weiss temperature and effective magnetic
moment for the fluorinated iron compounds depending on the flowing atmosphere. The values
have been extracted from data upon heating.

Compound Atmosphere Ty (K) Ocw (K) Uerr (UB /Fe)
15R-FHP BaFeF,03.y air 700 -639 4.70
nitrogen 680 -470 4.42
6H-FHP Bay sSrg,FeF;,03.y air 730 -1711 5.65
nitrogen 710 -1357 5.25

SS: Ordering temperature in other compounds of the literature

Table SS5a: Different values of ordering temperature for the iron compounds

Compounds Neel/ Curie- References
Weiss 6
temperature (K)
Basic Fe Tc=1043 "Encyclopedia of Physics",
mpound vol.XVIII/2, Ferromagnetism,Springer-
compou Verlag, Berlin, 1966, 4.
Fe,0; Tn=950 J.E Greedon "Magnetic oxides in
Encyclopedia of Inorganic chemistry",
Ed. R. Bruce King, John Wiley &
Sons, 1994.
Fez04 Tc =858 "Encyclopedia of Physics",
vol.XVIII/2, Ferromagnetism,Springer-
Verlag, Berlin 1966, 97
FeO Tc =570 "Encyclopedia of Physics",
Tx = 298 vol.XVIII/2, Ferromagnetism,Springer-
Verlag, Berlin 1966, 100.
Hexasconal 15R-SrMng oFen 1O Tn=220 Cussen, E. J.; Sloan, J.; Vente, Battle,
& it 09T H013-5 N P. D.; Gibb, T. C. Inorg. Chem. 1998,
perovskite 37, 6071-6077.
15R-Balr 3Fe702.949(7) Txn=200 Jordan, N. A; Battle, P. D.; Sloan, J.;
6H-Balr, .Fe, <O Tn=220 Manuel, P.; Kilcoyne, S. J. Mater.
02EH0.83729325) N Chem. 2003, 13,2617-2625.
6H-BaFeO3_; Tn=130 Mori, K.; Kamiyama, T.; Kobayashi,
H.; Otomo, T.; Nishiyama, K.
Sugiyama, M.; Itoh, K.; Fukunaga, T.;
Ikeda, S. J. Appl. Cryst. 2007, 40, 501-
505.
12H-BaFeOs.; Tn=172 Takeda, Y.; Shimada, M.; Kanamaru,
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Mater. Res. Bull. 1974, 4, 537 — 543.
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Figure S6: Thermal gravimetric analysis under flowing air, under two subsequent

heating/cooling cycles from 6H-BaFeO~2.85
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