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Modifications of Fe,SeO
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Abstract: Small, red Fe,SeO single crystals in two modifica-
tions were obtained from a CsCl flux. The metastable a-phase
is pseudo-tetragonal (Cmce, a=16.4492(8) A, b=11.1392-
(4) A, c=11.1392(4) A), whereas the B-phase is trigonal (P3,,
a=9.8349(4) A, ¢=6.9591(4) A)) and thermodynamically
stable within a narrow temperature range. Both crystal
structures were solved from twinned specimens. The enantio-
mers of the B-phase appear as racemic mixtures. Selenium and
oxygen form two individual interpenetrating primitive cubic
lattices, giving a bce packing. A quasi-octahedrally coordinated
iron atom is found close to the center of each surface of the
The difference between the a- and
B-phases is the distribution of iron at 2/3 of the surfaces. - and
B-Fe,SeO are comparable with metal-vacancy-ordered anti-
perovskites. Each Fe/O lattice can also be described in terms of
vertex-sharing OFe, tetrahedra, with a crystal structure similar
to that of an antisilicate. Iron is divalent and has a high-spin d°
(S=2) configuration. The [-phase exhibits magnetoelectric
coupling.

selenium sublattice.

Combinations of chalcogens with iron are receiving increas-
ing attention owing to the superconductivity of non-stoichio-
metric Fe, Se with a-PbO structure, which consists of a cubic
close packed (ccp) anionic lattice.! The iron-containing
mineral pentlandite also has a ccp anionic lattice and deviates
from 1:1 stoichiometry, TM,Sy (TM = Fe, Ni, C0).”! On the
contrary, the stoichiometric materials FeS,? FeSe,@ and
FeTel’! exhibit a NiAs-type structure with hexagonally close
packed (hep) anions and can be described as semiconductors
(S) or metals (Se, Te). Wiistite, Fe,_,O, is non-stoichiomet-
ric,™ has a ccp anionic lattice, behaves as a semiconductor,
and is metastable at room temperature.[‘” However, the
combination of two chalcogens with Fe in a ternary com-
pound has, up to now, been limited to solid solutions such as
FeTe,sSe,s.”) which is related to the superconducting a-PbO
phase. The bimorphic title compound, Fe,SeO, is surprisingly
different and results from combining Fe with two chalcoge-
nides with a larger ionic size difference, Se*~ and O*", causing
a structural ordering of the anions. A well-known, but today
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less practiced, synthesis method was used to obtain single
crystals of up to 70 um (Figure 1) of two different Fe,SeO
modifications: Powders of Fe metal, Fe,0O;, and Se were
reacted in a CsCl melt under inert conditions inside a closed,
evacuated silica vessel. After rinsing the sample with water,
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Figure 1. Top: The crystallites used for the X-ray experiments. Bottom:
Back-scattering scanning electron microscope images of the as-grown
crystals with the CsCl flux matrix.

the bulk sample was still impure, with several crystalline
phases being detected by powder X-ray diffraction. The two
Fe,SeO modifications could be separated according to their
outer shape and place of formation; one can be described as
capped square pyramids (o in Figure 1), and is found on the
inner silica tube wall above the reaction mixture. The other
phase, consisting of square prisms, was dominating in the
solidified salt melt (f in Figure 1). Single crystals of a third
compound, [CssCl][Fe,,Sey], were also found in the sample,
but this is discussed elsewhere.l’! Extensive optimization of
the solid-state reaction afforded samples where different
modifications dominated (see the Supporting Information,
Section S1), but high purities were not achieved. By inves-
tigating samples that were quenched at different reaction
temperatures, the a-phase proved to be metastable whereas
the P-phase is stable within a narrow temperature range
(Section S2).

The Fe/Se ratio was determined to be approximately
2.05(4):0.95(2) by basic elemental analysis and energy-dis-
persive X-ray analysis, which corresponds to the average from
both modifications. The tilting of the surfaces (Figure 1) and
the charging of the crystals prevented an accurate oxygen
elemental analysis. However, all three elements (Fe, Se, O)
were detected, without inclusion of Cs or CI.
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Figure 2. The anion bcc lattices in the o and -modifications. The unit
cells of both modifications were set relative to the common anionic
lattice and to an idealized perovskite unit cell, represented by an Se,
cube.

The anionic bce lattices in a- and fB-Fe,SeO can be
described as interpenetrating primitive cubic lattices of Se
and O  (Figure2). The mean  distances of
d(Se-0) =3.463(6) A in the a-phase and 3.488(2) A in the
B-phase are close to the expected value, that is, the sum of the
jonic radii (r(Se* ) =1.98 A, r(0*") =1.42 A)."! Furthermore,
the d(Se-Se) distances range from 3.72 to 429 A in the
a-phase and from 3.92 to 4.09 A in the B-phase, in agreement
with a close-packed structure. The shortest d(Se-Se) distance,
which was found in the a-modification, is still significantly
larger than the corresponding bond length in a perselenide
ion, whichis 2.61 A in FeSe,, for example.[s] Hence, in Fe,SeO,
all Se ions are present as Se*”. The d(O-O) distance, which is
similar to d(Se-Se), is too long for true close packing, in line
with the reason why bcc is different from ccp and hep. Trying
to describe the (-Fe,SeO structure with another packing
model, for example, with layers of [FesSe;[15]*" having 1/4
vacancies ([]), cubic stacking, and 1/8 of the tetrahedral voids
occupied by O (almost Snl,-type)® results in a complex
situation, and the a-phase is additionally complicated by its
layered structure and different vacancy distribution. Hence, if
simplicity is of essence, the bec description of Se and O is
preferred. Homogenous anion bcc lattices have been reported
for a-AgI' and a-CuBr," but the cations involved were
found on split positions as a result of structural disorder. Even
more similar to the title compound is the antiperovskite
Ag;SI, where the same anion ordering as in Fe,SeO evolves
into a bec lattice."

Within the bcc anionic lattice, Fe is found close to the
surfaces of the Se squares with possible coordination to four
Se and two O ions (Figure 3). As the high-symmetry site
seems to be too large for the Fe*" ion, the metal ion is slightly
shifted and assumes a lower coordination number. Alterna-
tively, the coordination can be described in terms of an O ion
that is situated close to the Se cube center, but slightly shifted
towards the four Fe ions, which leads to distorted OFe,
tetrahedral coordination (Figure 3). In accordance with the
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Figure 3. The four cis configurations of OFe, in an Se; cube with one
fixed Fe site. The quasi-tetrahedral coordination of Fe is also displayed,
with reasonable bonds shown as full lines and with dashed lines for
distances that are considered too long for bonding.

composition, only four of six surfaces of the Se cube are
occupied by Fe, and the other two sites are vacant (Figure 3).
The two vacancies are always found on neighboring surfaces,
as if the system tries to avoid an OFe, square planar
coordination in both modifications of Fe,SeO. The Fe
vacancies are ordered in different ways in the o- and
B-modifications. Hence, the ordering of the Fe site vacancies
() is decisive for the crystal symmetry, rendering it
orthorhombic (or pseudo-tetragonal) in the a-phase and
chiral, polar, non-centrosymmetric, and trigonal in the
p-modification (Figure 4). The unit cell relations between

Figure 4. The vacancy ([J) distribution relative to the unit cells of both
Fe,SeO modifications. Lines connect the nearest vacancies, and the
boxes are darker if they are closer to the reader.

the structures reported here and a perovskite subcell (a, ~ Seg
cube), shown in Figure 2, are as follows: [400, 220, 022] for a-
Fe,8eO (a=4xa, b=2v2xa,, and c=2v2xay,) and [211,
121, 111] for B-Fe,SeO (a=V3x V2 x a, and c =3 x a,).

Although only impure powders of the title compounds
have been obtained thus far, a sample predominantly
containing the o-phase (ca. 85% phase-pure) was investi-
gated with synchrotron X-rays to confirm the unit cell, which
could be either pseudo-tetragonal or orthorhombic (Sec-
tion S1). As no splitting was observed for the relevant Bragg
intensities, for example, [080], the pseudo-tetragonal (a #b =
¢) description is a representative model and stems from the
layered nature of the a-phase: Each layer has a quasi-fourfold
rotational symmetry. By superimposing two neighboring
layers (Section S5), it becomes obvious that a relative in-
plane shift breaks the global fourfold symmetry and results in
the C-centered orthorhombic symmetry.
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The ordering of the metal vacancies, which is responsible
for the unit cell size and symmetry, has been well investigated
for the solid-state compounds Ti,_,O, with Ti,O,, and Ti,Os,["*!
for example, being well defined vacancy-related superstruc-
tures of the NaCl type. The hypothetical title compound
without vacancies, “Fe;SeO”, would be an antiperovskite,
similar to Fes(TM)N (TM =Ni, Pt)™ or Fe;MC (M =Zn,
Sn),!% but in the title compound, the vacancies are necessary
for charge balance. A low-temperature study of the ionic
conductor Ag;SI revealed an average crystal structure that is
similar to a strongly distorted antiperovskite with a polar,
non-centrosymmetric R3 space-group description."®! Hence,
the title compounds can be described as being structurally
related to the low-temperature phase y-Ag;SI, but with
vacancies on one third of the transition-metal sites. The metal
vacancy ordering in Fe,SeO allows for the development of
ground-state degeneracy: An OFe, tetrahedron with one
corner fixed in the Seg cube can still adopt eight different
orientations, of which the four cis configurations are displayed
in Figure 3. This degeneracy is the reason for finding at least
the two different modifications presented here.

The distances between Fe and its nearest neighbors in
both modifications of Fe,SeO are reasonable for ionic
bonding (Figure 3): d(Fe—0)=1.94-2.01 A, d(Fe—Se)=
2.50-2.77 A, and d(Fe—Se) =2.83-3.33 A. These are compa-
rable with the d(Fe?*—0%") bond lengths of 1.95-2.17 A that
are observed in the well-defined ionic structure of ilmenite
FeTiO,,"" and the d(Fe—Se) bond length in FeSe is typically
2.56 A1 The fact that the Fe—Se distances in Fe,SeO have an
ill-defined limit between short (—) and long (-—-) bonds
(Figure 3) leaves Fe with a coordination number of four or
five. A more satisfying bonding description is realized in the
anti-structure of vertex-connected OFe, tetrahedra (Figures 3
and 5). Thus a-Fe,SeO can be written as 2[OFe,,]*"[Se]*” and
B-Fe,SeO as ‘[OFe,,]*"[Se]*", demonstrating that the most
obvious difference between the two modifications is the
dimensionality of the Fe/O tetrahedral network.

When examining the Fe/O network in both modifications
of Fe,SeO more closely, it is evident that the a-structure
contains four- and eight-membered rings of OFe, tetrahedra
(Figure 5), whereas the [3-structure consists of four- and six-
membered rings. Six-membered rings of tetrahedra are often

Figure 5. Perspective views of the complete crystal structures of o-
Fe,SeO and f-Fe,SeO, with the OFe, tetrahedra highlighted and the
unit cells added. One Seg cube is marked in each modification to
emphasize the perovskite sublattice.
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found in silicates, for example, in the low-pressure modifica-
tion of SiO,, a-quartz (Section $6)." A “stuffed” version of
a quartz-like structure was realized in BaZnO,,”) which was
chemically extended with Co and Mn.”" In this structure,
Ba®" was filled into the large void in the six-membered ring
and assumed an eightfold O coordination (Section S6).
Although the ring of OFe, tetrahedra in (3-Fe,SeO is folded
differently, Se’~ enters the void in a six-membered ring and
coordinates to eight Fe irons (Section S6). Hence, it is fair to
describe at least -Fe,SeO as a filled antisilicate as an
alternative to metal-vacancy-ordered antiperovskite.

In crystal structures with large voids with negatively
charged coordination spheres, hydrogen inclusion might be
suspected, which is not resolved by X-ray diffraction. How-
ever, any hydrogen ions in the vacancies of the title
compounds would reduce the oxidation of Fe to less than
+2, and the +1 state is highly unlikely considering the
insulating nature of the title compound. Hence, the Fe
vacancies are assumed to be completely unoccupied.

The title compound carries features from strongly corre-
lated systems with highly ionic character, as judged by the
interatomic bond lengths and coordination numbers. Yet, the
crystal structure rather fits to anti-type structure descriptions,
where far less electronic correlations, or even metallic
behavior, are commonly observed. This unique electronic
cross-over character might be related to the rare mixture of
the involved anions (O*" and Se’"), forming an intimate 3D-
ordered lattice, and the metal vacancies, which are a result of
charge balance.

The close structural relation of Fe,[]1SeO and Ag;SI and
their structural diversities imply that the title compounds
might be Fe** ionic conductors. The fact that vacancies exist
on possible Fe sites only underlines this possibility, as the best
O’ ion conductors, for example, 8-Bi,0;*"*! and yttria-
stabilized zirconia (YSZ),>* have oxygen-deficient fluorite
structures. Furthermore, the tetrahedral slabs in the oxygen-
ion-conducting brownmillerites,”> ! for example, Ca,Fe AlOs,
even have a close anti-type structural relation with the title
compounds. A preliminary thermodynamic investigation of
a powder sample (Section S2) also supports the high mobility
of Fe: The a- to B-phase transition seems to be continuous
because no entropy release was observed below the reversible
decomposition of the title compound. If Fe,SeO proves to be
an iron ion conductor, it is probably the first example of ionic
conductivity for magnetic ions.

From our crystal structure twin analysis of the f3-modifi-
cation specimen, shown in Figure 1, the chirality of the major
domain (89 %) is right-handed (P3,, No. 144), and the minor
domain (11%) is left-handed (P3,, No. 145). Chiral crystal
structures are still relatively rare, especially for ionic inor-
ganic compounds obtained through synthesis in a laboratory.
Other investigated crystals show different P3,/P3, ratios or
even prevalent left-handed chirality. Hence, it is important to
note that there seems to be no chirality preference in
B-Fe,SeO. This can be expected as the crystal growth was
performed in the absence of possible influences from strong
magnetic or electric fields.

As judged from the red color of the powder, the title
compounds should be insulating, suggesting the presence of
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Fe?" (d°). In combination with the small crystal field from the
quasi-tetrahedral coordination, Fe should have a high-spin
(8§ =2) configuration. Preliminary magnetic data indicate that
the Fe,SeO modifications (Figures 6, S7, and S8) behave
differently. In the paramagnetic temperature range, the
B-modification exhibits a u.q(Fe) value of 4.45 pg, which is
close to the expected value of 4.9 y; for S =2 (S8). a-Fe,SeO
displays a sudden drop in the yx value close to Ty=125K,
which might be the Verwey transition of the magnetite
impurity?® or, perhaps, an intrinsic antiferromagnetic-like
spin ordering. (3-Fe,SeO, with its chiral, polar, non-centro-
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Figure 6. Temperature-dependent magnetic susceptibility (x) of the
purest powder samples of a- and 3-Fe,SeO. FC and ZFC designate
field-cooling and zero-field-cooling data, respectively. The temperatures
of some curve anomalies are indicated. The dashed line indicates

a common magnetic feature.

symmetric space group, exhibits a possible spin ordering at
about 7-=110 K and a sharp spin reorientation effect at 7y =
78 K. This mimics the behavior of a-Fe,O;, where a canted
antiferromagnetic state sets in at 953 K, and the Morin
transition is observed at 260 K. This is possibly due to
magnetoelectric coupling in -Fe,SeO, in line with discussions
for a-Fe,0;. Larger single crystals and pure powder samples
are needed to complete the physical investigations.

Experimental Section

Small single crystals were grown in a CsCl flux inside an evacuated
silica ampoule. A mixture with powders of Fe, Se, SeO,, and CsCl in
a molar ratio of 4:1:1:3 was heated to 750°C over 6 hours.
Subsequently this temperature was held for 96 h, and then lowered
to 500°C during 96 h before the furnace was switched off. The well-
shaped crystals were separated from the CsCl by rinsing with
deionized water. The two modifications could be separated according
to their outer shape.

Single-crystal data were obtained with a Bruker D8 Quest
diffractometer, working with a CMOS detector (Photon), and a Mo
Ko X-ray source (4=0.71073 A). Details on the crystal-structure
refinements are given in the Supporting Information (Sections S3 and
S4). Magnetic data were obtained with an MPMS XL from Quantum
Design. A scanning electron microscope (SEM XL30) with an
attached energy-dispersive X-ray spectrometer (EDX) from Philips
working at 25 kV was used for elemental analysis.
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