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ABSTRACT

Using high pressure reaction, we successfully synthesized BaFe,Se,O with a uniform stack of
[Fe,Se,O] layers. Magnetic susceptibility, heat capacity, Mdssbauer spectroscopy, and neutron
diffraction measurements revealed that BaFe,Se,O undergoes antiferromagnetic order at 106 K with
a 2-k spin structure, where each Fe moment points to a neighboring oxide anion. The same spin
structure has been observed in the related iron oxyselenides, but with a staggered stack of [Fe,Ch,0]
layers (Ch = S, Se). We propose that the strong uniaxial anisotropy inferred from the 2-k structure
originates from spin-orbit coupling (SOC) induced by trans-FeO,Se, octahedron, which provides a
quasi-linear coordination environment as often found in single molecule magnet complexes. First
principles calculation with inclusion of SOC supports the stabilization of the 2-k spin structure,
giving unquenched orbital momentum of 0.1 up/Fe. The present study provides an idea of how to
design magnetic lattices of uniaxial anisotropy using oxychalcogenides and more generally mixed

anion compounds.



INTRODUCTION

Iron-based high-T, superconductors are composed of iron atoms arranged in a regular
square lattice, joined by tetrahedrally coordinated pnictogen (P, As) or chalcogen (S, Se, Te) atoms.'”
Superconductivity of these compounds is derived from hole- or electron-doping of their parent
magnetic phases as in cuprates. However, as opposed to a (r, @) order in the undoped cuprates, they
show various spin order patterns such as a stripe (, 0) order’ with different stacking sequences™
and a bicollinear (1/2, 1/2) order.*” Recently, layered oxychalcogenides AM>Ch,O (A2+ = (anOz)2+
(Ln = lanthanides), (Srze)H, (Baze)%, (Naz)%; M = Mn, Fe, Co; Ch = S, Se) consisting of
[M>Ch,OT" layers separated by 4>" units (Fig. 1a) have been intensively studied.* ' This system
also possesses the square lattice of M*" jons, but with heteroleptic MO,Chy coordination unlike the
homoleptic local environment (e.g. FeAs, and FeSes) in Fe-based superconductors, offering a
potential to extensively control electronic structures and resultant physical properties. In fact, they
exhibit various spin structures such as (m, m) order in (La;0,)Mn,;Se,O and (n/2, w/2) order in
(L21202)C028e20.14’18 Particularly interesting is the case for M = Fe having a novel non-collinear

19722 This spin structure described

pattern with neighboring iron moments being aligned orthogonally.
by double k vectors, (n/2, 0, w/2) and (0, w/2, n/2), has been predicted for a system with the
tetradedral FeAs layer,” but without experimental verification.

Unfortunately, the origin of the 2-k spin structure in the iron oxychalcogenides is not fully
understood. Calculations assuming exchange interactions of nearest-neighbor J; (via Fe-Fe) and
next-nearest neighbor J, (via Fe-Se-Fe) and J,’ (via Fe-O-Fe) only yielded collinear-type (7, 0), (1/2,
n/2), (m, m) structures.'’ This suggests apparently a necessity to include magnetic anisotropy,
imposed presumably by the mixed-anion coordination environment around iron. It is also worth
pointing out that the [Fe,Ch,O] blocks in all the reported AFe,Ch,O are arranged in a staggered
manner along the ¢ axis. So far, the uniformly stacked version has been exclusively limited to

*27 in which, interestingly, the presence or

titanium oxypnictides BaTi,Pn,0O (Pn = As, Sb, Bi),
absence of superconductivity is argued in relation with the stacking sequence.26 Thus, it would be
valuable to explore an iron oxychalcogenide with a uniform stacking of [Fe,Ch,O] layers which
offers a unique situation to check the influence of the stacking sequence on the magnetic properties.
A high-pressure reaction is an efficient approach for accessing mixed anion compounds as
it can obviously avoid undesired evaporation of different anionic species during reaction.”*>" This

4,532 It is

technique has been already employed to synthesize a range of iron-based superconductors.
rather surprising that there is no report on AM,Ch,0O and AM,Pn,0O compounds prepared under high
pressure, despite their (apparent) dense structures. Here, we have successfully synthesized
BaFe,;Se,0O with a uniform stack of [Fe,Se,O] layers using the high pressure strategy (Fig. 1b).

Magnetic susceptibility, heat capacity, Mossbauer spectroscopy, and neutron diffraction



measurements revealed that the BaFe,Se,O adopts the 2-k magnetic structure as seen in
(Lny0,)Fe,Se,O (Ln = La, Ce, Nd) and (Sr,F;)Fe,S,0 with the staggered sequenc(-:-.lz’m22 Together
with the DFT calculations, we show that the orthogonal spin structure originates from the magnetic
anisotropy of Fe moment imposed by its mixed anion coordination geometry. The presence of strong

crystal field splitting of Fe*" is suggested from the recent theoretical work by Whangbo et al..”

EXPERIMENTAL DETAILS

A polycrystalline sample of BaFe,Se,O was synthesized under high pressure using a cubic
anvil press. BaO (99.99%, Aldrich), Fe (99.9%, Kojundo Chemical) and Se (99.9%, Kojundo
Chemical) were intimately mixed in stoichiometric ratio in a nitrogen filled glovebox (H;0, O, < 0.1
ppm). The mixture was pressed into a pellet, covered with a Pt foil and loaded in a cubic cell. The
sample was heated at 900-1100 °C in applied pressure of 2—6 GPa. The obtained samples were
examined by powder X-ray diffraction (XRD) using a D8 ADVANCE diffractometer (Bruker AXS)
with Cu-K¢ radiation. Electrical resistivity was measured by a standard DC four-terminal method
using a physical property measurement system (Quantum Design, PPMS). Temperature- and
field-dependent magnetizations were measured on a SQUID magnetometer (Quantum Design
MPMS). High-field magnetization up to 50 T was measured using a nondestructive pulse magnet by
means of a standard induction method at Center for Advanced High Magnetic Field Science, Osaka
University. Specific heat was measured by the relaxation method using PPMS. Powder neutron
powder diffraction (ND) data were collected between 3 K and 120 K with 1 = 2.41 A using D20
diffractometer at Institut Laue-Langevin (ILL). °’Fe Mdssbauer spectra were taken between 4 K and
295 K in transmission geometry using a °>'Co/Rh y-ray source. The source velocity was calibrated by
o-Fe. DFT calculations were carried out with VASP* using the projector-augmented-wave (PAW)
method®® and the generalized gradient approximations plus on-site repulsion (U) method (GGA + U)

for the exchange and correlation corrections.

RESULTS AND DISCUSSIONS
Shown in Fig. 2 is the XRD pattern of the product obtained at 1000 °C under 5 GPa, which
is clearly different from that for BaFe,Se,O obtained at ambient pressure (ap-BaFe,Se,O

36,37
structure).™

The majority of the observed reflections can be indexed on a primitive tetragonal cell
with @ = 4.0748(1) A and ¢ = 7.1501(5) A, together with unindexed minor impurities. Syntheses
under different conditions resulted in substantial increase of byproducts such as Fe;Seg and Fe;O4
(Fig. S1 in the Supplemental Material’®). The cell constants determined are close to those of
BaTi,As,0 (a = 4.047 A and ¢ = 7.275 A) consisting of a uniform stacking of [Ti,As,O] layers as
illustrated in Fig. 16247 Indeed, the observed profile resembles the simulated one for BaFe,;Se,O on

the basis of the BaTi,As,O-type structure with the space group of P4/mmm (Fig. 2). The density of



the high-pressure form of BaFe,Se,0 (hp-BaFe,Se;0) is 5.92 g/cm’, which is higher than 5.14 g/cm’
in ap-BaFe,Se,O comprised of FeOSes tetrahedra.’®’

In order to obtain microscopic information on the magnetic properties, we performed >’Fe
Mossbauer experiments. The room-temperature (295 K) spectrum, shown in Fig. 3, consists of three
sets of doublets with a spectrum weight of 72:16:12. As will be discussed later, the latter two were
assigned as byproducts, a Fe(Il)-containing paramagnetic phase (possibly corresponding to
Fe,..Se™) and a Fe(Ill)-containing ordered phase. The isomer shift (IS) of the main phase is 0.89
mm/s, suggesting a divalent high-spin state (S = 2). In addition, the quadrupole splitting of 1.96
mm/s is close to what has been observed in AFe;Se,O (4 = SroF,, BayF,, and Ln,O,) with a
staggered stacking of [Fe,;Se,O] layers (Table S1 in the Supplemental Material). These
considerations led us to conclude that 4p-BaFe,Se,O crystalizes in the BaTiAs,O-type structure,
though the presence of unidentified impurities in the XRD profile prevented a precise structural
refinement. We note that, prior to this study, BaTi,Pn,O was the only example of a compound having
the uniform stacking sequence in this structural family.

The localized nature of Ap-BaFe,Se,0 is seen from the temperature dependence of the
electrical resistivity, with an activation energy of 0.14 eV (Fig. S2 in the Supplemental Material).
The temperature dependence of magnetic susceptibility measured at 1 T (0.01 T) is shown in Fig. 4a
(Fig. S3 in the Supplemental Material). The susceptibility gradually increases upon cooling, though
it deviates from the Curie-Weiss law possibly due to the presence of short-range correlations and/or
impurity phases. With further cooling, the susceptibility exhibits an anomaly at around 100-110 K,
implying the onset of long-range magenetic order, accompanied by a small deviation between
zero-field- and field-cooling processes. The M-H curve at 2 K (Fig. 4a, inset) shows a small
hysteresis loop with a remnant moment of 0.002 ug/Fe, suggesting a tiny canting in the AFM state.
The specific heat C(T) of hp-BaFe,Se,O (Fig. 4b) provided a precise estimation of 7y = 106 K, with
a clear A-type anomaly signifying the second-order phase transition. As shown in Fig. 4b, a
polynomial fitting was performed to subtract a nonmagnetic contribution from the raw data, and the
magnetic entropy release (Spae) associated with the transition was estimated (Fig. 4b, inset) The
obtained value of 1.6 Jmol 'K™' is much smaller than 13.4 Jmol 'K for S = 2, implying the
development of short-range correlations above 7Ty in the two-dimensional (2D) spin system, as also
discussed in Ln,O,Fe,Se,O and Na,Fe,Se,O. 16,17

Figure 5a is the powder ND patterns at low temperatures, demonstrating magnetic
reflections indexed as (4/2, k, //2) below Ty. The magnetic propagation vector can be determined as
k=(1/201/2) or (0 1/2 1/2). Refinement of the 3 K data with k£ = (1/2 0 1/2) (shown in Fig. S4 and
Table S2 in the Supplemental Material) gave 3.28(5) ug for the ordered Fe moment, which is
comparable to those of La,Fe,Se,O (3.2 ,uB)22 and Sr,F,Fe,S,0 (3.3 ,uB)I9. Upon heating, the (1/2, 1,

1/2) peak gradually decreases and vanishes above 110 K, in agreement with the results of



susceptibility, specific heat, and Mossbauer measurements. The temperature dependence of the

ordered Fe moment is shown in Fig. 6. Among possible spin structures, a collinear double stripe

74 and the non-collinear 2-k spin structure (Fig.

12,1922

structure (Fig. 5¢) as found in the Fe 4, Te system
5d) as found in AFe,Se,O (with the staggered stacking sequence) are likely. As, however, both
models result in identical calculated ND patterns, it is not possible to determine the spin structure of
our compound from powder ND.

Massbauer spectroscopy below Ty provides a unique opportunity to distinguish the two
spin structures. When the sample is cooled across Ty, the paramagnetic doublet is magnetically split,
with the size of the splitting increasing with decreasing temperature. The spectra and detailed
information of the impurity phases are provided in Fig. S5 and Table S3 in the Supplemental
Material. Figure 3 represents a spectrum at 4 K, which is well assigned, apart from doublets from
impurity phases (26%), to a single sextet, providing a clear indication that magnetically the iron
environment in #p-BaFe,Se,0 is unique. Additionally, (S, — S}) in Fig. 3 is 1.95 mm/s, which is very
close to the quadrupole splitting AE of 1.96 mm/s in the paramagnetic state at room temperature
(Table I). From these facts, we conclude that the spin orientation is parallel to the electric field
gradient that is along the Fe-O bond. It is obvious that only the 2-k structure with Fe moments
pointing to the neighboring oxide anion (along a or b) satisfies this requisite. The present result
suggests that the 2-k structure is fairly robust against the choice of stacking sequence.

A strong uniaxial spin anisotropy is inferred from the orthogonal spin arrangement in
hp-BaFe,Se,O and related oxyselenides. For extended transition-metal oxides/halides, such a
uniaxial anisotropy has been observed in systems with the d° electronic configuration, such as
CsCoClL,"' Ca3C0,04," and BaFey(PO,),,* where a nearly cubic Co’'L¢ and Fe*'Lg¢ octahedral
environment (L = ligand) gives rise to a partial orbital degree of freedom and resultant spin-orbit
coupling (SOC). This mechanism, however, cannot be applied to our and related compounds
containing highly distorted FeO,Ses octahedron. An alternate mechanism for the strong uniaxial
anisotropy is found in single molecular magnets including Fe [C(SiMes)s], " Co* [N(H)Ar’], (Ar’
= CeH3-2,6(CeH,-2,4,6-Pr's),), " and [Ni"(6-Mes),]Br (6-Mes =
1,3-bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydropyrimidin-2-ylidende).* These molecular
complexes adopt a linear-coordination geometry around the d metal centre, which lifts the
degeneracy of d orbitals within a narrow energy range and generates a non-negligible contribution of

SOC as a perturbation to the inherent spin orientation.*”**

We speculate that a similar situation
occurs in our and related systems. Here, the Fe-O distance in the trans-FeO,Se4 octahedron is much
shorter than the Fe-Se one (e.g. dre.0 = 2.039 A, dpese = 2.722 A in La,0,Fe,Se,0)*. In addition, the
oxygen atom has larger electronegativity and smaller polarizability relative to selenium. These facts
suggest that the oxide ion is a much stronger ligand for Fe(Il) than the selenide ion, and could be

regarded as a quasi-linear coordination geometry. The M-H measurement at 4.2 K shows a linear



field dependence up to H = 50 T (Fig. S6 in the Supplemental Material), supporting the fairly
strong uniaxial anisotropy derived from the heteroleptic Fe coordination.

Recently, it has been theoretically shown that the spin orientation is predictable by
analyzing the angular properties of the metal d orbitals present in the HOMO and LUMO.* Figure 7
represents how the d-orbital degeneracy is lifted in the trans-Fe(I)O,Ses4 environment, where for
simplicity the local x/y- and z-axes are set along the Fe-Se and Fe-O bonds, respectively, and the
Se-Fe-Se angle (~97°) is approximated as 90°. One can see that the 6" down-spin fills the xy orbital
(magnetic HOMO), whereas there are two choices regarding magnetic LUMO, the (nearly)
degenerate yz/zx levels (case 1) or the xly2 level (case 2), depending on the magnitude of the crystal
field splitting energy. For case 1, the HOMO-LUMO interaction between the filled xy| and the
empty yz/zx| states (JAL, = 1) gives the preferred spin direction of 1z, i.e., parallel to the FeSey
plane, which disagrees with the experimental result. On the other hand, for case 2 the preferred spin
direction of //z (i.e., parallel to the Fe-O bond) is derived from the HOMO-LUMO interaction
between the filled xy| and the empty xzfyzi (|AL,] = 0). This agrees with the experimental
observation and supports our view that the local Fe environment is regarded as quasi-linear.

As already addressed, theoretical calculations on 4Fe,Ch,0 have been so far limited to the
isotropic model that only yields collinear spin structures.'® Thus, spin-orbit interaction was included
in our self-consistent calculation for a (simpler) 2-k spin structure with a magnetic unit cell that is
related to the crystal one by 2 X 2 x 1. We used an on-site repulsion of U = 3 eV and a plane-wave
cutoff energy of 500 eV. It is found that the Fe moment vanished without inclusion of SOC, whereas
inclusion of SOC provided an unquenched orbital momentum of 0.1 up/Fe, along with the spin
component of 3.2 up/Fe, which is consistent with the experimental result and reasonable for
high-spin d° system. The density of states (DOS) in Fig. 8 revealed an energy gap of ~0.5 eV at the
Fermi level, in accordance with the insulating nature of this material. We also calculated a collinear
double stripe structure (Fig. 5¢) with a 2 x 1 x 1 magnetic cell assuming U = 3 eV and found that
this model is less stable by 0.017 eV/Fe.

CONCLUSION

The high-pressure phase of BaFe,Se,O with a uniform stacking of [Fe,Se,O] layers was
obtained. Ap-BaFe,Se,O undergoes a long-range magnetic ordering below 106 K with the 2-k spin
structure, as observed in the related layered iron oxychalcogenides with a staggered stacking
sequence, revealing that the 2-k spin structure is fairly stable for compounds with [Fe,Ch,O] layers
regardless of the stacking manner. The uniaxial anisotropy of Fe*" moment implies the presence of
SOC derived from the mixed anionic trans-FeO,Ses (FeO,S,) octahedron. The analysis of |AL,|
associated with the HOMO-LUMO interactions suggests a considerable stabilization of the x*—

orbital. We suggest that this local geometry is effectively considered as quasi-linear owing to the



marked difference of the length to the metal center, electronegativity and polarizability between O
and Se(S). The linear coordination can be often seen in molecular complexes, but the central metals
are isolated or only weakly interacting because they are separated by molecular ligands. Creating
linear coordination by using different mono-anionic anions has a crucial advantage in designing
extended lattices (square lattice etc.) that cause novel phenomena based on strongly correlated spins

and electrons, such as unusual spin structures as found in the present study.
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FIG. 1. (a) AM>Ch,O (4*" = (Ln,0,)*" (Ln = lanthanides), (St.F,)*", (Ba,F,)*", (Nay)*"; M = Mn, Fe,
Co; Ch = S, Se) with a staggered stacking of [M,Ch,0] layers.* " (b) hp-BaFe,Se,0 with a

uniform stacking of [Fe,Se,O] layers.
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FIG. 2. The experimental (upper) and calculated (lower) XRD pattern for Ap-BaFe,Se,O with the
BaTi,As,O-type structure.



Relative transmission

Velocity (mm/s)

FIG. 3. Mdssbauer spectra for p-BaFe,;Se,O at 295 K and 4 K. For each temperature, the blue line
represents the subspectrum for Ap-BaFe,Se,O, while the green and yellow lines correspond to

byproducts, possibly Fe;.,Se and an unknown phase with Fe*", respectively. The red line represents

the total fit.



(b} 150,

Sy (et 'Ky

52 100

C{J mol

50

300

200
K)

H0 120

FIG. 4. (a) Temperature dependence of the magnetic susceptibility of zp-BaFe,Se,0 at 1 T measured
in FC and ZFC processes. The inset represents the M(H) curve at 2 K. (b) Specific heat for

hp-BaFe;Se,0 in zero field. The red curve represents a polynomial fitting for 60-120 K. The inset
represents the estimated magnetic contribution to the entropy.
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FIG. 5. (a) Powder ND patterns of hp-BaFe,Se,O at low temperatures. The ticks indicate the
calculated positions of nuclear (upper) and magnetic (lower) reflections. (b) The enlarged plot
around the (1/2, 1, 1/2) reflection. We fitted the profiles using two Gaussians. The blue and yellow
lines represent the magnetic and nuclear reflections, respectively, and the red line is the total fit. The
lower panels show magnetic structures compatible with (4/2, k, I/2) reflections: (c) a double stripe

structure and (d) a 2-k structure.
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FIG. 6. Temperature dependence of the magnetic moment obtained from powder ND (open) and
hyperfine field (HF) obtained from Mdssbauer (closed) for sp-BaFe,;Se,O. The magnetic moment
shown here is obtained by normalizing the square root of the neutron scattering intensity of (1/2, 1,

1/2) to the refined value of 3.28(5) up at 3K.
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FIG. 7. The expected scheme of the crystal field splitting of Fe 3d orbitals in the trans-FeO,Se4

octahedron, where only the 6" down-spin is shown for high-spin (S = 2) state.
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FIG. 8. The partial DOS for 4p-BaFe,Se,O calculated by using the 2-k magnetic structure with

on-site repulsion of U= 3 eV.



TABLE I. Mossbauer parameters for #p-BaFe,Se,O.

T IS(mm/s)  HF (kOe)  OS(mm/s) FWHM (mms)
295K 0.89 0 1.96 0.28
4K 1.04 194 1.95 0.30

1S, HF, QOS, and FWHM represent isomer shift, hyperfine field, quadrupole splitting, and full width
at half maximum, respectively. The QS at 4 K is equivalent to (S, — S;) in Fig. 3.



