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Tetragonal polymorph of BaFe,S,0 as an antiferromagnetic Mott insulator
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We report a tetragonal polymorph of BaFe,S,0 synthesized under high pressures. This g-BaFe,S,0 phase
is structurally characterized by two-dimensional Fe,O square nets that are sandwiched by sulfur atomic layers.
The electrical, magnetic, and thermodynamic measurements indicate that it is an antiferromagnetic insulator
with a Néel temperature of 121 K. A successive magnetic transition at ~40 K is observed, possibly associated
with spin canting due to Dzyaloshinskii-Moriya interactions. Density functional theory based calculations reveal
Mott localization driven by the on-site electron-electron Coulomb repulsion. The calculations also suggest a
noncollinear Fe2+—spin structure with two-k [ky = (1/2,0, 1/2) and k, = (0, 1/2, 1/2)] propagation vectors,
primarily due to the magnetocrystalline anisotropy as well as the next-nearest-neighbor superexchange interac-

tions mediated by oxygen and sulfur anions, respectively.
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I. INTRODUCTION

Electron correlations play an important role for the emer-
gence of high-7. superconductivity in copper oxides [1,2]
and in iron pnictides/chalcogenides [3,4]. Cuprate supercon-
ductors can be viewed as a doped Mott insulator with the
on-site Coulomb repulsion, the Hubbard Uy, much bigger
than the bandwidth W [2]. In comparison, the electron correla-
tion strength of iron-based superconductors is moderate, with
Uy ~ W [4,5]. Interestingly, the oxygen-incorporated variants
of iron chalcogenides, La,Fe,Ch,O5 (Ch = S, Se), show en-
hanced electron correlations through band narrowing [6] and
orbital-selective Mott localization [7,8]. Thus, in the sense of
electron-correlation effects, such iron oxychalcogenides may
bridge the gap between the two classes of high-7; supercon-
ductors.

La,Fe,Ch;, 03, first reported in the early 1990’s [9], con-
tain block layers of [Fe,OCh,]*>~ and fluorite-type [Lay0,]>,
stacking alternatingly along the crystallographic ¢ axis. With
the replacement of [La;0,]** layers, analogous compounds
of Sr,F,Fe,Ch,O and Ba,F,Fe,Ch,0 were synthesized and
investigated [10]. The characteristic [Fe,OCh,]*~ block
layers bear obvious differences with the common anti-fluorite-
type layers of [Fe;As,]>” in iron-pnictide superconductors.
In the middle of the Fe,OCh; layers, there is the anti-CuO,-
like Fe,O plane, in which Fe atoms are linearly coordinated
with two oxygen anions. Fe atoms are also surrounded by
four Ch?>~ anions, resulting in a mixed-anion coordination
octahedron of FeO,Chy. These FeO,Chy octahedra share their
faces, forming the [Fe,OCh,]* infinite layers (see the inset
of Fig. 1).
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Additional oxychalcogenides with the Fe,OCh, layers
have been reported [11-16], since the discovery of iron-based
superconductors [3]. All these materials show insulating be-
haviors with an antiferromagnetic (AFM) transition at Ty ~
100 K. The AFM structure is rather unusual, consisting
of orthogonally intersecting one-dimensional AFM chains,
which can be described with two propagation vectors, ky =
(1/2,0,1/2) and k, = (0, 1/2, 1/2) [15-22]. This particular
double-g spin structure is revealed to be dominated by two
orthogonal next-nearest-neighbor interactions [17,18] where
the magnetocrystalline anisotropy due to spin-orbit coupling
plays an important role for the noncollinear spin structure
[15,18].

Among those iron oxychalcogenides, the tetragonal poly-
morph of f-BaFe;Se,O, which could be synthesized only
under high pressures [15], stands out because of nonstaggered
stacking of the Fe,OCh, layers (see the inset of Fig. 1).
Like other iron oxychalcogenides, it is also an AFM insulator
with Ty = 106 K. As a comparison, the ambient-pressure-
synthesized orthorhombic polymorph («w-BaFe,Se,O) has
a spin-ladder structure, showing AFM ordering at 240 K
[23-25]. Its sibling spin-ladder iron sulfide, o-BaFe,S,O0,
shows AFM spin ordering at 260 K [26]. As we know, an-
ion substitutions/replacements may tune physical properties
with “applying chemical pressures” in the field of iron-based
superconductors [27-29], therefore, it is appealing to explore
the tetragonal polymorph of 8-BaFe,S,0.

In this paper, we report our successful synthesis of
B-BaFe;S,0 using a high-pressure strategy. The crystal struc-
ture was determined by a Rietveld refinement. The electrical,
magnetic, and thermodynamic properties were measured,
which indicate that it is an AFM insulator with Ty = 121 K.
We also observed a successive magnetic transition at ~40 K,
which gives rise to weak ferromagnetism. Our first-principles

©2022 American Physical Society
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FIG. 1. Powder x-ray diffraction at room temperature and its
Rietveld refinement profile of 8-BaFe,S,0. The crystal structure of
B-BaFe,S,0 is shown in the inset.

calculations suggest that the title material is a Mott insulator
with the common noncollinear two-K spin structure.

II. EXPERIMENTAL METHODS

The polycrystalline sample of g-BaFe,S,0 was synthe-
sized under high pressures and high temperatures using a
piston-cylinder press (QUICKpress, Depths of the Earth). The
source materials of BaO (99.5% Alfa Aesar), S (99.9995%
Alfa Aesar), and Fe (99.99% Alfa Aesar), in the stoichiomet-
ric ratio, were mixed and milled in an argon-filled glovebox.
The ground mixtures prereacted at 800 °C for 24 h in an
alumina tube jacketed with a silica ampule. After that, the
precursor was reground and pressed into a pellet. The pellet,
wrapped with Pt foils, was then subjected to a pressure of
3.5 GPa in the QUICKpress apparatus. The high-pressure
synthesis was carried out at 950 °C for 2 h. The final product
obtained was black and dense, and was stable under ambient
conditions.

The as-prepared sample was characterized by powder x-
ray diffractions (XRD) using a PANalytical diffractometer
(Empyrean Series 2) with Cu-K,,; radiation. The crystal struc-
ture was refined by Rietveld analysis using the RIETAN-FP
software [30]. Measurements of electrical resistivity and heat
capacity were performed on a Quantum Design Physical
Property Measurement System (PPMS-9). In the resistivity
measurement, a standard four-electrode method was em-
ployed. The sample was cut into a thin rectangular bar, on
which electrodes were made using silver paste and gold wires.
The dc magnetization was measured on a Quantum Design
Magnetic Property Measurement System (MPMS3).

We also performed the first-principles calculations based
on density functional theory (DFT) using VASP package
[31]. The exchange-correlation energy was treated using
generalized-gradient-approximation (GGA) functionals [32]
with or without rotationally invariant on-site Coulomb inter-
action corrections (+U) [33]. The plane-wave energy cutoff

TABLE 1. Room-temperature crystallographic data of
B-BaFe,S,0, obtained from the Rietveld refinement of powder
x-ray diffraction (Ry, =3.47% and S = 1.79). The occupancy of
each atom was fixed to 1.0 in the Rietveld refinement.

Chemical formula BaFe,S,0
Space group P4 /mmm (No. 123)
a(A) 4.004(2)
c(A) 6.778(4)
o (g/cm?) 5.029

Atom site X y z Us (A?)
Ba 1b 0 0 1/2 0.0051
Fe 2f 0 12 0 0.010
S 2h 1/2 1/2 0.2472(10) 0.013
o la 0 0 0 0.015

for all calculations was set to 600 eV. Spin-orbit interaction
was included in the self-consistent calculations.

III. RESULTS AND DISCUSSION

A. Crystal structure

Figure 1 shows the XRD pattern of the §-BaFe;S,0 sam-
ple synthesized at high pressures. Except for some minor
unknown peaks, the main reflections can be well indexed
using a tetragonal unit cell with a ~ 4.01 A and ¢ ~ 6.78 A,
suggesting formation of the target phase. The crystal structure
was refined by Rietveld analysis using the internal structural
parameters of the isostructural compound Rbyg g3V, Te, O [34]
as the initial input. The resultant structural parameters are
presented in Table I.

The a and c¢ parameters refined are 1.7% and 5.2%
smaller, respectively, than those of the sibling compound
B-BaFe,Se,O [15]. This is directly due to the replacement
of Se by S, which in general induces a chemical pressure.
The relatively small reduction of the a axis dictates a strong
rigidity of in the ab plane with Fe,O sheets. On the other
hand, the significant reduction of the ¢ axis pushes the system
toward three dimensionality. It is also noted that the theoret-
ical density of this 8-BaFe,;S,0 phase is 15.5% higher than
that of w-BaFe,S,0 (4.355 g/cm3) [26], consistent with high-
pressure stabilization of the 8 phase. In addition, the bond
valence sum (BVS) [35] of the Fe ions is calculated to be 2.13,
which is close to the formal Fe valence of +2.

The structural properties of B-BaFe,S,0 are compared
with those of other related iron oxychalcogenides in Table II.
Expectedly, in all the compounds, the lattice constants of an
oxysulfide are systematically smaller than those of its corre-
sponding oxyselenide. Note that the 8-BaFe,S,0 phase holds
the lowest a axis. Consequently, the interatomic distances of
Fe-O, Fe-Fe, and Fe-S are all smallest among the oxychalco-
genides. Nevertheless, the height of S atoms from the Fe,O
plane, ¢y, of B-BaFe,S,0 is not the lowest and, similarly, the
bond angle of S-Fe-S, «, is not the largest. This is because the
oxychalcogenides with [Ba,F,]>* layers have exceptionally
large a axis, which reduces h¢;, and increases o.
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TABLE II. Comparison of structural and physical properties of the iron oxychalcogenides with Fe,OCh, layers (Ch = S and Se). hcy
stands for the height of Ch atoms from the Fe, O plane, and « is the bond angle of Ch-Fe-Ch along a or b direction. Ty is the Néel temperature
and E, denotes the activation energy derived from the resistivity measurement.

Compound a(A) cA)  dro@) drean A drere D) hey A @) T (K) E, (eV) Refs.
La,0OsFe,Se, 4.0849(6) 18.5865 2.044(1)  2.724(1) 2.891(1) 3.603(1) 97.24 90.1 0.19 [6] [22]
La,0OsFe,S, 4.0397 17.8782 2.021(1)  2.663(1) 2.858(1) 3.469(1) 98.76 107.2 0.24 [6] [22]
Sr,F,Fe,Se,O  4.0925(2) 18.580(1) 2.046(1) 2.727(1)  2.894(1) 3.605(3) 97.24  95-97 - [10]
Sr,F,Fe,S,0 4.0400(6) 17.998(4) 2.020(1) 2.633(1) 2.857(1) 3.377(1) 100.22 106.2 0.10,0.28 [17] [10]
Ba,F,Fe,Se;, O 4.1946(6) 19.522(4) 2.097(1)  2.734(1) 2.966(1) 3.507(4) 100.21 83.6 0.28 [10]
Ba,F,Fe,S,0  4.1238(2) 19.089(1) 2.062(1) 2.649(2) 2.916(1) 3.325(5) 10224 94-95 - [10]
Na,Fe,Se,O 4.107(8) 14.641(8) 2.053(5) 2.777(4) 2.904(6) 3.739(3) 95.37 73 0.26 [12]
Na,Fe,S,0 4.0325(1) 14.077(1) 2.015(1) 2.670(2) 2.850(1) 3.503(1) 98.02 - - [36]
BaFe,Se, O 4.0748(1)  7.1501(5) - - - - - 106 0.14 [15]
BaFe,S,0 4.004(2)  6.778(4)  2.002(2) 2.610(5) 2.831(3) 3.348(3) 1002 121 0.15 This work

B. Physical properties

Figure 2 shows the resistivity measurement data for
the as-prepared polycrystalline sample of S-BaFe,S,0. The
room-temperature resistivity is about 100 € cm, compara-
ble to that of the sibling compound B-BaFe,Se,O [15]. The
resistivity increases with decreasing temperature, basically
obeying the Arrhenius equation, p(T") = pg explE,/(ksT)],
where pg is the pre-exponential factor, E, is the activation
energy and kg is Boltzmann constant. The result demonstrates
that the title material is virtually an insulator. Fitting the o(T)
data from 150 to 300 K with the Arrhenius equation, one
obtains an activation energy of E, = 0.15 eV, which is very
close to that of 8-BaFe,;Se,O (0.14 eV) [15]. Note that the
activation energy gives a lower limit of the energy band gap,
E, > 2E, =0.30¢eV.

Figure 3 displays the temperature dependence of magnetic
susceptibility x(7") for f-BaFe,S,0. The high-temperature
x(T) data follow the extended Curie-Weiss law, x(T) =
xo + C/(T 4 6w). This is in contrast to the broad hump of
x(T) due to two-dimensional short-range magnetic correla-

tions in La,Fe,Se, 03 [6,22], A,F,Fe,Chy, O (A = Ba, Sr) [10],
and Na,Fe,;Se,O [12]. Thus the Curie-Weiss paramagnetic
behavior suggests dominantly three-dimensional magnetism,
in accordance with the enhanced three dimensionality in
B-BaFe;S,0. The Curie-Weiss fit from 200 to 400 K yields
xo = 0.00265 emumol~! fu™!' (fu stands for formula unit),
C =3.26emu K mol~! fu™! (or 1.63 emu K mol~! Fe™!), and
0w = 360 K. The large value of temperature-independent yx
could be due to the partial short-range magnetic correlations
and/or possible Van-Vleck paramagnetism. With the fitted C
value, the effective magnetic moment of Fe ions is derived to
be pesf = 3.6 up/Fe, which is significantly smaller than that
of high-spin Fe’* (4.9 ). The reduced effective magnetic
moment can be explained in terms of (i) the partial short-range
magnetic correlations and (ii) the d-p hybridizations. The
positive value of Oy indicates dominant AFM interactions
between Fe?' spins. Note that the fitted Ay value is much
higher than the AFM transition temperature, 7y = 121 K
(see below). This implies that there are still short-range AFM
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FIG. 2. Temperature dependence of resistivity for the
pB-BaFe,S,0 polycrystalline sample. The inset shows the plot
of Inp vs 1/T. The red line is the fit with the Arrhenius equation.

B-BaFe,S,0 measured at a 3-T field in field-cooling (FC) and zero-
field-cooling (ZFC) protocols. The red solid line is the Curie-Weiss
(CW) fit, and the pink dashed line is the extrapolation. Deviations
from the extrapolated CW formula are plotted in the inset. The
antiferromagnetic Néel temperature is marked.
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FIG. 4. [(a)—(c)] Temperature dependence of magnetic suscep-
tibility of B-BaFe,S,0 measured at different magnetic fields in
field-cooling (FC) and zero-field-cooling (ZFC) protocols. (d) Field
dependence of the characteristic temperatures, Ty, 7>, and Ty, all of
which are marked in (a)—(c).

correlations above Ty. As shown in the inset of Fig. 3, small
deviations from the Curie-Weiss fit are clearly seen below
200 K, consistent with short-range AFM correlations.

The magnetic transition can be identified by the small peak
at Ty = 121 K. Note that the 7y value is 15 K higher than
that of 8-BaFe,;Se,O [15]. A similar case can be seen in the
other systems (see Table II). These observations suggest that
the overall magnetic exchange interactions are enhanced with
the replacement of Se by S. One notes that the Ty value is
still much lower than the paramagnetic Weiss temperature Oy,
which implies existence of magnetic frustrations as suggested
earlier [10].

There are additional magnetic anomalies below Ty. The
FC and ZFC curves bifurcate at low temperatures. To clarify
this phenomenon, we carried out the magnetic measurements
with different applied fields. As shown in Fig. 4, one sees
that the bifurcation exists up to 6 T. At lower fields (say,
noH < 1 T), a successive magnetic transition at 7, &~ 40 K
can be identified. Both yzgc and xgc drop at 7, suggesting an
AFM-like transition (rather than a spin-glass transition). The
transition temperature appears to decrease with increasing
field. However, the transition itself changes from AFM-like
to ferromagnetic (FM)-like. Furthermore, the temperature 77,
defined by the drop in xzgc, also decreases with increasing
field. By contrast, there is no detectable changes in Ty [see
Fig. 4(d)].

Figure 5 shows the isothermal magnetization of
B-BaFe;S,0 at some fixed temperatures below 7y. First
of all, the magnetization is essentially linear with field
at temperatures above 7. Secondly, the M(H) curve
appears to be nonlinear with magnetic hysteresis below
T,. A metamagnetic-like transition can be detected, yet
the magnetization does not saturate at the highest field
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-0.15 i T T T T T T
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FIG. 5. Magnetic field dependence of magnetization at fixed
temperatures for S-BaFe,S,0. The upper-left inset is a close-up of
the initial M (H) curves, in which the metamagnetic-like transitions
at Hy,, are marked by arrows. The lower-right inset plots H,, and
the coercive force H,,, as functions of temperature. Both inset plots
employ a logarithmic scale for the horizontal axes.

applied. This kind of transition is not frequently seen, which
basically rules out the possibility that the magnetic anomaly
arises from extrinsic impurities. The metamagnetic-like
behavior accounts for the above phenomenon showing
AFM-to-FM-like crossover with increasing field. The
metamagnetic transition field, poHpnn, increases with
decreasing temperature. Furthermore, the coercive force,
HoHcoe, a characteristic parameter of a ferromagnet, shows a
similar temperature dependence (see the lower inset of Fig. 5).
Note that the remanent magnetization is only 0.037 up/fu,
suggesting a slight spin canting that generates the weak
ferromagnetism. A similar magnetic hysteresis was observed
in B-BaFe;Se,;O [15] and Sr,F,Fe;S,0 [17], although the
remanent magnetization was even smaller there. The possible
origin of the weak ferromagnetism will be discussed in the
following sections.

The long-range magnetic ordering at Ty is confirmed by
the specific-heat measurement. As shown in Fig. 6, a clear
A-shape peak appears at 120 K. Contrastingly, no discernible
anomaly at around 7 is present. The result indicates that the
successive transition is associated with the change of spin
orientations, rather than the change in spin ordering.

To extract the magnetic contribution, we employed a data
fitting (the data from 76 to 152 K were not included) with
combined Einstein and Debye models [34]. With the fitted
data (red line in Fig. 6) representing the phonon contribu-
tion (Cpy), the magnetic contribution can be obtained with
a simple subtraction, Cy, = Ciot — Cpn. Then, the magnetic
entropy associated with the magnetic ordering can be cal-
culated using the integral S, = fOT (C/T)dT. One obtains
an S, value of 3.8 J K~! mol~!fu~! above 7y, which is
much smaller than the theoretical one, S, = 2RIn(2S + 1) =
26.8 TK~! mol~! fu™! (note that there are two Fe atoms in the
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among all the known oxychalcogenides with Fe,OCh; layers
(see Table II). Meanwhile, the interatomic distances of Fe-O
and Fe-S in B-BaFe;S,0 are smallest among the oxychalco-
genides. Thus it is possible to correlate Ty with the interatomic
distances. Figures 7(a) and 7(b) plot Ty as functions of the
interatomic distances of Fe-O and Fe-Ch, respectively, for
the oxychalcogenides with Fe,OCh, layers. One sees that Ty
tends to increase with decreasing the bondlengths of Fe-O and
Fe-Ch. The correlation between Ty and Fe-Se distance, yet not
for the Fe-O bondlength, was earlier reported in the series of
R,03Fe,Se, (R = Ce, Pr, Nd, and Sm) [13].

FIG. 7. Correlations between the Néel temperature, Ty, and the
interatomic distances of Fe-O (a) and Fe-Ch (b) in the oxychalco-
genides with Fe,OCh, (Ch = Se, S) layers. The dashed lines are
guides to the eye. The data of 8-BaFe,S,0 are displayed with blue
solid diamonds.

C. First-principles calculations

To understand the physical properties of B-BaFe,;S,0
above, we carried out the DFT-based first-principles

TABLE III. Magnetic energy E,, (meV /fu) and magnetic moment ug. (up) of different magnetic structures of g-BaFe,S,0 with different
values of U in the GGA+U calculations. NM, FM, S-AFM, C-AFM, and 2k-AFM respectively denote nonmagnetic, ferromagnetic, striped
antiferromagnetic, Néel-type AFM, and checkerboard-like AFM. Owing to the negligibly small interlayer magnetic coupling, for simplicity
and for comparison, the interplane orders are all ferromagnetic. The last three rows list the in-plane spin-exchange parameters, J;, J,, and J;,

within Ising model (see the text for details).

0 1 2 3 4
U (CV) Em e Em MFe Em MUFe Em MFe Em MFe
NM 0 0 0 0 0 0 0 0 0 0
FM —0.280 3.320 0.351 3.451 1.829 3.462 0.047 3.532 —0.130 3.575
S—AFM —3.287 3.206 —64.338 3.328 —147.109 3.408 —145.545 3473 —124.45 3.527
C—AFM 107.913 3.159 —15.013 3.315 —131.048 3.405 —145.306 3.473 —133.486 3.529
2k—AFM —131.653 3.233 —131.361 3.335 —182.100 3.413 —166.912 3.476 —138.413 3.530
Ji (meV) —3.38 0.48 4.15 4.54 4.17
J2 (meV) —8.02 —-4.19 -2.19 —1.34 —0.87
J; (meV) 11.59 7.75 7.34 5.89 4.48
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FIG. 8. Possible in-plane magnetic structures in S-BaFe,S,0 for
the DFT-based calculations. FM (a), S-AFM (b), C-AFM (c), and
2k-AFM (d) represent ferromagnetic, striped AFM, Néel-type AFM,
and the noncollinear AFM, respectively. The Fe" spins tend to align
along the Fe-O bond direction due to spin-orbit coupling effect.
Three intralayer magnetic exchange parameters, the nearest-neighbor
Ji and the next-nearest-neighbor J, and J;, are marked in (d).

calculations. First we focus on the possible magnetic ground
states, from which the dominant magnetic interactions can be
evaluated. It is found that the magnetic energy hardly changes
for a certain in-plane magnetic order yet with different spin ar-
rangements along the ¢ axis. This indicates that the intralayer
magnetic interactions are predominant, consistent with the
previous conclusion [17]. Thus, we considered four basic
in-plane magnetic structures, as depicted in Fig. 8. The spin
arrangement along the ¢ axis was all assumed to be FM for
simplicity. Furthermore, the spins are all along the Fe-O bond
direction because of the spin-orbit-coupling induced mag-
netocrystalline anisotropy [15]. Such spin locking has been
confirmed by lots of independent experiments for the related
materials with common Fe,OCh; layers [10,15,17,18,21,22].

Table III lists the magnetic energy (the energy of the
nonmagnetic state is set to zero) and the corresponding Fe
moment for different magnetic structures of 8-BaFe,S,0 with
varied U in the GGA+U calculations. For U values from 0
to 4 eV, the 2k-AFM configuration always gives the lowest
energy, indicating the robustness of the 2k-AFM ground state.
Meanwhile, the Fe moment remains to be 3.2-3.5 ug, close
to the high-spin value of yup. = g5 = 4.0 ug (g is the Landé
factor) and, independent of magnetic structures and U values.
This calculation result is also consistent with those obtained
by neutron scattering in other related systems [15,17,19,21].
The small reduction of the Fe moment is likely attributed to
the p-d hybridizations. As stated above, the spin alignment

along ¢ axis does not change the magnetic energy within
the calculation accuracy. Nevertheless, we argue that the real
spin structure is most probably the in-plane 2k-AFM order
and inter-plane AFM spin alignment along the ¢ axis be-
cause of the Mott insulating state (see below). Namely, the
magnetic propagation vectors are k; = (1/2,0, 1/2) and k; =
(0,1/2,1/2), which are identical to those of B-BaFe;Se,O
[15].

In view of the crystal structure of the Fe,OS, layers, the
effective magnetic interactions between Fe?" spins can be
modelled by (i) the nearest-neighbor coupling Jj, (ii) the next-
nearest-neighbor J, with ~90° Fe-S-Fe superexchange, and
(iii) the next-nearest-neighbor J; with 180° Fe-O-Fe superex-
change, in accordance with the previous convention [6,18,22].
Ji is contributed from direct Fe-Fe exchange, ~65° Fe-S-Fe
superexchange, and 90° Fe-O-Fe superexchange. The mag-
netic energies of the four magnetic structures shown in Fig. 8
can be expressed in terms of the J;-J,-J; model using Heisen-
berg Hamiltonian, H = Z<i_j> JijSi - Sy,

Epv — Eo = (401 + 21> + 27})S?, (la)
Es — Ey = (=2J, — 2J5)8?, (1b)
Ec — Eq = (—4J, + 2], + 2J})S?, (1c)

Ex — Ey = (2J, — 2J5)8?, (1d)

where Epy, Es, Ec, and Ey denote the magnetic energy of
the four magnetic structures, respectively, and Ej is an acces-
sorial parameter, which equivalently describes the energy of
hypothetical spin-disordered state within the J;-J,-J; model.
With §2 = 4 for purely localized high-spin Fe>", the three
spin-exchange parameters, Ji, J», and Jj, can be derived,
which are listed in Table III. The results show that the oxygen-
mediated 180° superexchange interaction is always AFM,
and the sulfur-mediated ~90° superexchange is FM. This
is consistent with the Goodenough-Kanamori rule [37-39],
the latter of which predicts AFM coupling for 180° Fe-O-Fe
superexchange and FM coupling for 90° Fe-S-Fe superex-
change. The calculation results are basically consistent with
the previous literatures [10,17,18,22]. Note that the AFM and
the FM couplings synergistically favor the 2k-AFM order,
according to Eq. (1d). Since J, and J; increases with the
decrease of the bond lengths of Fe-O and Fe-Ch, respectively,
the structural correlations on Ty shown in Fig. 7 can thus be
naturally understood.

Figure 9 shows the energy dependence of density of states
(DOS) projected on each atom for B-BaFe;S,;0. One sees
that the DOS near the Fermi energy Er is dominated by Fe
(3d electrons). By contrast, other elements contribute neg-
ligible DOS at around Ep. In the nonpolarized calculation
[Fig. 9(a)], the overall bandwidth is 2.7 eV, which is sig-
nificantly lower than that of LaFeAsO (4.2 eV) [40]. Such
band narrowing was argued to be responsible for the Mott
localization in La, OzFe,Ch, [6,17]. Without the correction of
on-site Coulomb repulsion (i.e., U = 0 eV), nonetheless, the
calculations fails to show an insulating state (with nonzero
DOS at Ef), even for the 2k-AFM state [Figs. 9(a) and 9(b)].
This suggests that the GGA underestimates the electron cor-
relations in the present case. We find that, with switching
on an additional Coulomb repulsion with U = 1 eV [41],
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FIG. 9. Energy-dispersive density of states (DOS) projected on each atom for S-BaFe,S,0. (a) shows the nonpolarized calculation result
without plus U. (b)—(d) are based on 2k-AFM order with U = 0, 1, and 2 eV, respectively. The insets display the close-ups showing the DOS

around the Fermi level, Er = 0.

a band gap of ~0.3 eV opens at Eg. This calculated value
is very close to the lower limit of the band gap from the
resistivity measurement. Furthermore, the band gap increases
with increasing U, which suggests that the insulating behavior
is related to electron correlation effect. The Mott nature of the
insulating state was also concluded from those complex calcu-
lations based on dynamical mean field theory [7,8]. One also
notes that, experimentally, the system remains to be insulating
even above the AFM Néel temperature. This verifies that the
insulating behavior does not depend on the AFM order, which
further corroborates the Mott insulating scenario in the title
material.

D. Discussion

The title material §-BaFe,S,0 synthesized and investi-
gated in this work is isostructural to S-BaFe,Se,O. While
the replacement of Se with S leads to significant lattice con-
tractions, the basic physical properties, such as insulating
behavior and 2k-AFM spin order, remain. This is because
the Fe-3d bandwidth is still lower than the on-site Coulomb
interaction, which gives rise to Mott localization. Note that
the special crystalline field with mixed-anion coordination
octahedron of FeO,Chy helps the orbital-selective Mott lo-
calization [7] and the 2k-AFM spin order [15]. In order to
drive the system to a metallic and/or superconducting state
with suppressing the AFM order, we suggest that carrier

doping should be more efficient than an isovalent element
substitution.

The noncollinear magnetic order with orthogonal AFM
chains is not only seen in the oxychalcogenides with Fe, OCh;
layers, but also appears in cobalt oxychalcogenides with
Co,0Se; layers [42] and even in superconducting iron pnic-
tides of Ni-doped CaKFe4As, [43]. The main difference in the
latter cases is that the interchain coupling is also AFM, which
leads to looplike spin-vortex structure [14,44] and hedgehog-
like spin order [43,45]. The magnetic propagation vector is
k = (1/2,1/2,1), which is different from the 2k-AFM spin
order in the iron oxychalcogenides. Note that the magnetic
structure of the isostructural manganese oxychalcogenides is
a simple G-type AFM order with k = (0,0,0) [14,46], which
implies the important role of spin-orbit coupling. Thus, stabi-
lization of the unusual 2k-AFM spin order is attributed to the
next-nearest-neighbor superexchange interactions, J, and J;,
in combination with the magnetocrystalline anisotropy.

Finally, we discuss on the possible origin of the weak
ferromagnetism at low temperatures in 8-BaFe,S,0 and other
related materials. The basic fact is that the remanent mag-
netization is two or three orders of magnitude smaller than
the full FM magnetization of Fe?* spins. The result is rem-
iniscent of the Dzyaloshinskii-Moriya (DM) superexchange
interactions [47,48], which often give rise to a slight spin
canting. In the case of Fe,OCh; layers, the noncollinear spin
order as well as some noncentrosymmetric superexchange
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interactions guarantees a nonzero DM interaction. There-
fore the successive magnetic transition and metamagnetic-like
transition in B-BaFe,S,0 can be explained in terms of such
DM interactions.

IV. CONCLUSION

In summary, we have successfully synthesized a new
polymorph of iron-based oxychalcogenide, 8-BaFe,S,0, at
high pressures. This tetragonal polymorph belongs to the
class of iron oxychalcogenides containing the characteristic
Fe,OCh; layers. Compared with the analogous oxyselenide
of B-BaFe;Se,0, the title oxysulfide has significantly smaller
lattice constants with reduced Fe-O and Fe-S bond lengths.
As a result, the AFM Néel temperature is increased up to
121 K, which is so far record high among the class of iron
oxychalcogenides. Nevertheless, the charge-transport activa-
tion energy remains unchanged. We have also identified a
successive magnetic transition at ~40 K, which is likely to
be associated with spin canting due to DM superexchange

interactions. According to our first-principles calculations, a
noncollinear AFM state with the multiple propagation vectors
of k; = (1/2,0,1/2) and k, = (0,1/2,1/2) is mostly stabilized.
The stabilization of this unusual spin order is associated with
the magnetocrystalline anisotropy of Fe?* spins as well as the
oxygen-mediated antiferromagnetic superexchange and the
sulfur-mediated ferromagnetic superexchange interactions.
The insulating state is driven by on-site electron-electron
Coulomb repulsion, demonstrating that the title material is a
3d® Mott insulator. To further understand the relation between
Mottness and superconductivity, one expects to be able to tune
the system towards superconductivity by chemical doping
and/or by applying pressures in future studies.
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