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Abstract: The oxychalcogenides A>F2Fe,OQ; (A = Sr, Ba; Q = S, Se), which contain Fe,O square planar
layers of the anti-CuO, type, were predicted using a modular assembly of layered secondary building units
and subsequently synthesized. The physical properties of these compounds were characterized using
magnetic susceptibility, electrical resistivity, specific heat, °”Fe Méssbauer, and powder neutron diffraction
measurements and also by estimating their exchange interactions on the basis of first-principles density
functional theory electronic structure calculations. These compounds are magnetic semiconductors that
undergo a long-range antiferromagnetic ordering below 83.6—106.2 K, and their magnetic properties are
well-described by a two-dimensional Ising model. The dominant antiferromagnetic spin exchange interaction
between S= 2 Fe?* ions occurs through corner-sharing Fe—O—Fe bridges. Moreover, the calculated spin
exchange interactions show that the A-F,Fe,OQ; (A = Sr, Ba; Q = S, Se) compounds represent a rare
example of a frustrated antiferromagnetic checkerboard lattice.

1. Introduction

Low-dimensional compounds of transition-metal elements
have been extensively studied and still attract much interest
because of their interesting electrical and magnetic properties.
Binary transition-metal compounds with polarizable anions, such
as transition-metal chalcogenides, are commonly found to have
layered structures.' Addition of a second metal element requiring
a different coordination environment often reinforces the
tendency toward a layered structure. Numerous alkaline-earth
or rare-earth transition-metal compounds exhibit layered-type
intergrowth structures in which the two different cations are
segregated into well-defined layers; examples include super-
conducting cuprates,” manganites with colossal magnetoresis-
tance,> thermoelectric misfit oxide cobaltites,* and misfit
chalcogenides,™ to name a few. The tendency toward the
segregation is further promoted by the coexistence of two
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different anions. A large number of rare-earth or alkaline-earth
transition-metal oxychalcogenides'®™"* and oxypnictides reported
to date exhibit layered-type intergrowth structures.'*'> During
the last three years, new inorganic compounds with intergrowth
structures have been prepared by employing two-dimensional
(2D) secondary building units (SBUs) and exploiting the
tendency of mixed-anion systems to form layered-type inter-
growth structures.'® As depicted in Figure 1, the structures of
a whole family of compounds can be predicted from the stacking
of 2D SBUs of the fluorite type {[A,F,] (A = alkaline earth)}
alternating regularly with 2D SBUs of the rock-salt {[M,Q,+2]
(M = metal; Q = chalcogenide, pnictide)} or anti-fluorite
{(IM2Q2]} type.”’19 In essence, the 2D SBUs were found to
keep their structural and electronic properties after being
assembled together.'® This feature led to the prediction of new
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Figure 1. Illustration of the prediction of different families of compounds
using the concept of layered 2D SBUs. All of the compounds contain similar
donor 2D SBUs of the fluorite type ([A2F»]*"). The AFZnP compounds
(a) were the first compounds predicted using acceptor anti-fluorite
(IM2Q,]*7) 2D SBUs. More-complex acceptor 2D SBUs of the NaCl type
([M,,Q,H.g]z’) were then used, leading to the prediction of the homologous
series A,FoM,,Q,+2 containing compounds such as (b) BaxF,SnS3 (n = 1)
and (c) SrFSbSe; (n = 2). The final step (d) of this strategy, which has
been implemented in the present work, was to use 2D SBUs of the form
[Fe,0Q-], which contain Fe,O square planes that are inclined to present
interesting physical properties.

AFSnS, AFZnP,  AFFeQ,0

compounds with targeted properties, e.g., p-type transparent
conductors.?°

Oxides and oxychalcogenides of transition-metal elements
that contain CuO,-type square planar layers exhibit a variety
of physical properties, such as superconductivity, colossal
magnetoresistance, and metamagnetism. In contrast, com-
pounds with anti-CuO;-type square planar layers are rare and
also attractive since they may exhibit interesting physical
properties. To our knowledge, such anti-CuO,-type layers
have been found to occur exclusively in the mixed-anion
systems Na,Ti,Sb,0,?""?* Na; oCu,Se;,Cuy0,?* and LayO,-
Fe,08e,.%* Naj 9CuySesCuy0 is a metallic compound with
p-type conduction induced in the [Cu,Se,] layer by vacancies
of Na™ ions. Na,Ti»Sb,O has been the subject of numerous
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Table 1. Atomic Coordinates for the Hypothetical AFM Structure of
BayF2Fe;OSe; (Space Group P4s/mmc, a = 4.187 A, ¢ = 19.820 A)

atom site X y z
Ba 4i ' 0 0.1685
Fel 2a 0 0 '
Fe2 2b ' ' 0

Se 4i 0 ' 0.0876
Fl 2e 0 0 3y

F2 2f ' ', s

0 2d ' 0 0

studies because of its charge-density-wave-like behavior, but
only a few studies have been reported for La,O,Fe,OSe;. In
the present work, we have used the concept of 2D SBUs to
predict a new family of oxychalcogenides, A,F,Fe,0Q, (A
= Sr, Ba; Q = S, Se), whose members contain Fe,O square
planar layers of the anti-CuO, type. We subsequently
determined their crystal structures using X-ray diffraction
and characterized their physical properties by performing
electrical resistivity, magnetic susceptibility, specific heat,
powder neutron diffraction, and Mossbauer spectroscopy
measurements. Moreover, we also estimated the spin ex-
change interactions of these compounds on the basis of first-
principles density functional theory (DFT) electronic structure
calculations.

2. Experimental Section

First-principles DFT calculations were carried out with the
Vienna ab-initio simulation package (VASP)*® using the frozen-
core projector-augmented-wave (PAW) method®® and the general-
ized gradient approximations (GGA)?’ for the exchange and
correlation corrections. For optimization of the cell parameters and
atomic positions of Ba,F,Fe,OSe; and Sr,F,Fe,0S,, we employed
a plane-wave cutoff energy of 500 eV and 25 k points for the
irreducible Brillouin zone. All of the structural optimizations
converged with residual Hellman—Feynman forces on the atoms
smaller than 0.03 eV/A. Results are given in Table 1. To evaluate
the spin exchange interactions, our calculations employed a plane-
wave cutoff energy of 400 eV, 32 k points for the irreducible
Brillouin zone, and a total-energy convergence threshold of 107>
eV.

All of the compounds were synthesized by solid-state reaction.
The starting materials AF,, AO, Fe, and Q were mixed in
stoichiometric proportions and then pressed into pellets in a glove
box. The mixture was placed in an evacuated silica tube, heated to
800 °C over 12 h (50 °C/h), and then cooled to room temperature
(100 °C/h). For the selenide compounds, an initial heating step (220
°C for 12 h) was needed in order to obtain the pure phases. The
mixtures were then ground again and reheated to the same
temperature for 12 h. For Ba,F,Fe,OSe; and Sr,F,Fe,0S,, a final
heat treatment at 1000 °C led to congruent fusion and subsequent
growth of crystals.

Chemical analyses of all of the compounds were performed on
powder or crystal samples using an electron microscope (JEOL
5800LV) equipped with an energy-dispersive X-ray spectroscopy
(EDXS) apparatus. The presence of fluorine and oxygen was

(23) Park, Y.; DeGroot, D. C.; Schindler, J. L.; Kannewurf, C. R.;
Kanatzidis, M. G. (eisiiabdsigy 1993. 5, 8.

(24) Mayer, J. M.; Schneemever. L. F.: Siegrist, T.; Waszczak, J. V.; Van
Dover, R. B. ﬁ 1992, 31, 1645.

(25) Kresse G.; Furthmiiller J. Vienna Ab-initio Simulation Package
(VASP); Institut fiir Materialphysik: Vienna, 2004; http://cms.
mpi.univie.ac.at/vasp.

(26) Kresse, G.; Joubert, D. iiiianitsinlt 1999, 59, 1758.

(27) Perdew, J. P.; Burke, S.; Ernzerhof, M. iniiaizy 1996. 77,
3865.


http://pubs.acs.org/action/showImage?doi=10.1021/ja711139g&iName=master.img-000.jpg&w=239&h=341

Structure and Magnetic Properties of AsF.Fe;0Q.

ARTICLES

Table 2. EDXS Analysis Results (mol %) for BasF2Fe OSey,
SrgFgFezoSQ, BangFezoSQ, and Sf'zeFBgOSEga

atom type Ba,F;Fe,0Se, SryF,Fe,08S, Ba,F,Fe,0S, SryF,Fe,0Se;,
A 32.7 30.7 33.8 35.7
Fe 32.2 37.3 32.7 323
Q 35.1 32.0 33.5 32.0

“ For all three atom types, the theoretical value is 33.3 mol %, since
the amounts of F and O could not be quantified.

Table 3. X-ray Data Collection and Structure Refinement
Parameters for Single Crystals of BasFoFe,OSe, and SroF2Fe,0S,

BayF,Fe,0Se, Sr,.F,Fe,0S,
Crystallographic and Physical Data
molecular weight (g/mol) 598.30 405.06
symmetry tetragonal tetragonal
space group 14/mmm 14/mmm
a (A) 4.1946(6) 4.0400(6)
c(A) 19.522(4) 17.998(4)
V (A% 343.49(10) 293.75(9)
VA 2 2
density (g/cm?®) 5.785 4.579
crystal dimensions (um) 25 x 60 x 20 200 x 100 x 20
Data Collection and Reduction
T (K) 293(2) 293(2)
2 A 0.71073 0.71073
6 range (deg) 5.78—34.99 5.17-34.91
h, k, [ ranges —6 <h <6, —6 <h <6,
—6 <k<6, —6 <k<6,
=31 <1<3l —28 <[ <16
collected reflections 3208 2305
independent reflections 270 233
observed reflections 243 225
I > 20(D]
absorption correction analytical analytical
absorption coefficient (mm~") 25.990 23.544
Tmin/ Tinax 0.339/0.614 0.077/0.588
Rint 0.0603 0.0483

Structural Refinement
refinement method least-squares on F> least-squares on F*
F(000) 516 372
data/restraints/parameters 270/0/13 233/0/12
R(obs), R(all) 0.0196, 0.0233 0.0173, 0.0186
Ry(0bs), Ry(all) 0.0421, 0.0436 0.0401, 0.0412
extinction coefficient 0.0097(8) 0.0229(18)
S 1.150 1.179
electronic residues (e/A3) 0.950, —1.487 1.52, —1.07

confirmed for all of the compounds, but their amounts could not
be quantified because of experimental limitations. The EDXS results
are presented in Table 2.

X-ray diffraction was performed on single crystals of
Ba,F,Fe;0Se; and Sr,F,Fe,OS, mounted on capillaries. The X-ray
data were collected on a Kappa CCD-NONIUS diffractometer using
Mo Ko radiation (A = 0.71073 A). The Gaussian analytical
absorption correction was done by indexation of the crystal faces
with respect to their dimensions. Secondary-extinction and Lorentz-
polarization effects were also taken into account. The initial sets
of reflections were averaged according to the 4/mmm point group.
In both cases, the data revealed tetragonal symmetry with cell
parameter values of a ~ 4.1 A and ¢ ~ 18—20 A, and the systematic
absences were consistent with space group [4/mmm. Structural
refinement in space group /4/mmm using the predicted structure
was performed with the program SHELXL.?® Details concerning
the single-crystal X-ray data collection and structure refinement
procedures are gathered in Tables 3 and 4.

X-ray diffraction analyses of powder samples of Ba,F,Fe,OS,
and S, F,Fe,0Se, were performed on a D5000 diffractometer using

(28) Sheldrick G. M. SHELXL97 University of Gottingen: Gottingen,
Germany, 1997.

Table 4. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (Usso) for BasFoFexOSes, SraFaFesOSo,
SrngFeQOSeg, and BagF2F92082

atom X y z Uso (A2)
BazeFe20562

Ba ' s 0.16942(2) 0.00809(14)

Se 0 0 0.08982(3) 0.00756(15)

Fe ' 0 0 0.00889(17)

(6] ' ' 0 0.0086(10)

F ' 0 s 0.0107(6)
SrzeFezOSz

Sr ' ' 0.17100(2) 0.00765(13)

S 0 0 0.09381(6) 0.00780(17)

Fe ' 0 0 0.00820(14)

(6] ' ' 0 0.0096(7)

F ' 0 A 0.0086(4)
SrzeFBzOSez

Sr A A 0.1741(2) 0.037(2)

Se 0 0 0.0970(2) 0.042(2)

Fe ' 0 0 0.032(2)

(6] ' ' 0 0.010(10)

F ' 0 'y 0.039(7)
BazeFezOSz

Ba ' ' 0.1659(2) 0.0434(14)

S 0 0 0.0871(5) 0.052(4)

Fe ' 0 0 0.040(3)

(6] ' ' 0 0.012(9)

F ' 0 A 0.04009)

Table 5. Cell Parameters and Reliability Factors Obtained Using
Rietveld Refinements of SroFoFe,OSe, and BasFoFe OS; (Space
Group /4/mmm)

Sr,F,Fe,0Se, BayF,Fe,0S,
a (A) 4.0925(2) 4.1238(2)
c (A 18.5801(10) 19.0885(12)
v (A% 311.20(3) 324.61(3)
Rirage (%) 3.96 5.82
Rup (%) 1.57 3.20
Ry (%) 1.14 2.42
Rexp (%) 0.77 221
P 4.57 225

Cu Ko, and Cu Ko, radiation (A &~ 1.542494 A). Data collection
was performed at room temperature over a 20 range of 10—110°
with an acquisition time of 12 h. The cell parameters and the crystal
structures were refined using the Rietveld method®*° with the
programs FullProf®' and WinPlotr.>*> The background was fitted
using linear interpolation between selected points. The March—Dollase
model for preferred orientation was used in all of the refinements,
and a pseudo-Voigt function was used as the peak-shape model.
Details concerning the Rietveld refinements are gathered in Tables
4 and 5.

Electrical measurements were performed when single crystals
were available (i.e., for Ba,F,Fe,OSe, and Sr,F,Fe,0S,) using
a four-probe method. The crystal dimensions were 300 um. We
used 20 um gold wire electrodes that were attached to the sample
using silver paste. The measurements were performed between
300 and 45 K at bias voltages smaller than 0.01 V.

Specific heat (C,) measurements were performed in a homemade
calorimeter using the semiadiabatic method. Data were recorded
between 25 and 135 K on a pellet pasted with Apiezon N grease.
A correction for the sample holder and grease was applied. Because

(29) Rietveld, H. M. juuuiiniinm 1967, 22, 151.
(30) Rietveld, H. M. . 1969, 2, 65.

(31) Rodriguez-Carvajal, J. Int. Union Crystallogr. Newsl. 2001, 26, 12;
FullProf is available for download at http://www.ill.eu/sites/
fullprof/.

(32) Roisnel, T.; Rodriguez-Carvajal, J. Mater. Sci. Forum 2001, 378—
381, 118-123.
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Figure 2. (a) Structure of the compounds A,F,Fe;0Q; (A = Sr, Ba; Q = S, Se) and (e) description of the [Fe;OQ]** block as the combination of two
chains of iron-centered octahedrons parallel to the ab plane: (b) the first chain consists of octahedrons linked together by corners, and (c) the second chain
is formed by edge-connected octahedrons. (d) The two chains are joined by octahedron faces. In the FeQ40; octahedrons, the equatorial planes are occupied
by Q atoms while (f) the oxygen atoms form an Fe,O plane with the iron atoms (projection in the ab plane).

no nonmagnetic compounds isostructural with Ba,F,Fe,OSe, were
available, the phonon contribution was estimated by fitting the C,(T)
curve to a polynomial function at temperatures far from the
magnetic transition region (i.e., over the ranges 25—40 and
105—135 K). Conclusions drawn from the analysis of the temper-
ature-dependence of the specific heat near the magnetic transition
temperatures do not depend critically on the phonon background
chosen.

Magnetic susceptibility measurements were performed using a
Quantum Design MPMS SQUID magnetometer on powder samples
of Ba,F,Fe,0Se, (70.94 mg) and Sr,F,Fe,0S, (138.0 mg) at 0.01
T over the temperature range 5—300 K. The raw data were corrected
for the sample-holder contribution and core-electron diamagnetism.

Mossbauer studies were performed using a conventional spec-
trometer equipped with a °>’Co/Rh source (~10 mCi). The Mdss-
bauer parameters were refined using standard least-squares proce-
dures. The reference for the isomer shifts was metallic Fe at room
temperature.

Neutron diffraction measurements were performed using the
G4-1 2-axis diffractometer in the Orphee reactor at the Labo-
ratoire Leon Brillouin (Saclay, France). Data were collected
using a multidetector (800 cells, 0.1° apart) over a 26 range of
10—90°. A monochromatized neutron beam (1 = 2.427 A) was
obtained using a focusing pyrolitic graphite (002) monochro-
mator. A cylindrical vanadium sample holder with a diameter
of 5 mm was filled with the powder sample and loaded in a
cryofurnace (7' = 2—450 K).

3. Synthesis and Structure Refinement

The four compounds A,F,Fe,0Q, (A = Sr, Ba; Q = S, Se)
built from the stacking of the known 2D SBUs [A,F,] and
[Fe,0Q:z], were expected to adopt a tetragonal structure of the
La,OsFe,OSe; type (see Figure 2).24 Analysis of the relevant
interatomic distances suggests that the unit cell and the atomic
parameters of A,F,Fe,OQ; can be described by the space group
I4/mmm. For the optimization of this “theoretical” structure on
the basis of first-principles DFT calculations, the symmetry of
the space group was lowered to P4,/mmc, with the Fe and F

8264 J. AM. CHEM. SOC. = VOL. 130, NO. 26, 2008

positions in two different crystallographic sites. This allowed
us to take into consideration spin polarization and hence an
antiferromagnetic (AFM) ordering of the spins of Fe** ions in
which each iron atom is antiferromagnetically coupled with its
neighboring Fe atoms within the Fe,O planes (i.e., the ordered
spin state AF1 discussed in Spin Exchange Interactions and
Magnetic Structure, below). Table 1 presents the optimized
predicted structure, which can serve as a model for comparison
with experimental results.

We thus attempted to synthesize the predicted compounds
by solid-state synthesis, as described in the Experimental
Section. All of the syntheses performed at 800 °C resulted
in dark homogeneous powders. The powders of BayF>Fe,OSe;
and Sr,F,Fe,0S, melted in a congruent fusion process to form
a mass of black crystals when a post-synthesis heat treatment
was performed at 1000°C. EDXS analyses of the crystal and
powder samples of A;F,Fe,OQ, confirmed the presence of
the A, F, Fe, O, and Q elements. Moreover, the measured
atomic ratios (see Table 2) were in good agreement with the
theoretical values expected for the formulation A,F,Fe,0Q;
excluding O and F.

To confirm the structure prediction (see Table 1), X-ray
diffraction data were recorded for a single crystal of
Ba,F,Fe,0Se,. The cell parameters obtained correspond to
a tetragonal cell with a = 4.1946(6) A and ¢ = 19.522(4) A.
The structural refinement was performed using the predicted
structure but with the atomic positions in the space group
I4/mmm. The refinement converged rapidly with a satisfying
reliability factor (Rops) of 0.0196 for the 243 observed
reflections having I > 20(I). The crystallographic data and
refinement results are given in Table 3 and the atomic
positions and isotropic displacement parameters in Table 4.
The refinement confirmed that the experimental atomic and
cell parameters of Ba,F,Fe,OSe, are very close to the
predicted values (compare Tables 4 and 1). A similar crystal
structure refinement performed for a single crystal of
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Figure 3. Observed X-ray diffraction patterns recorded for (top)
SroF,Fe OSe; and (bottom) Ba,FoFe,OS,. The black lines represent the
intensities calculated using the Rietveld method. The bottom curves are
the differences between the experimental and calculated intensities. The
small marks indicate the Bragg peak positions of the target compounds.
The small peak observed at 16.2° corresponds to a very small amount of
an unidentified iron impurity.

Table 6. Selected Interatomic Distances and Bond Angles for
BagFgFeQOSeg, BangFezoSQ, SrgFgFezoseg, and SI’2F2F92082

A=Ba;Q=S A=Ba;Q=S A=S,Q=S A=S,Q=S

Interatomic Distances (A)*

da—r [4] 2.622(1) 2.613(1) 2.485(1) 2.470(1)
da—o [1] 3.308(1) 3.167(1) 3.235(1) 3.078(1)
da—q [4] 3.348(1) 3.281(2) 3.229(1) 3.177(1)
dre—0 [2] 2.097(1) 2.062(1) 2.046(1) 2.020(1)
dre—q [4] 2.734(1) 2.649(2) 2.727(1) 2.633(1)
dre—re [4] 2.966(1) 2.916(1) 2.894(1) 2.857(1)
Bond Angles (deg)
Q—Fe—Q 79.80 77.76 82.76 79.78
100.21 102.24 97.24 100.22
O—Fe—O 180 180 180 180
Q—Fe—0O 90 90 90 90

“Values in brackets give the number of equivalent distances of each
type.

SrF,Fe,08S; led to the same conclusion (see Tables 3 and
4). Likewise, Rietveld refinements of the X-ray powder
patterns for Ba,F,Fe,OS; and Sr,F,Fe,OSe, samples (shown
in Figure 3) readily converged to the predicted structures
with satisfying reliability factors (see Tables 4 and 5).

Figure 2a shows the structure of Ba,F,Fe,OSe», highlighting
the stacking of the [BayF;] and [Fe,OSe,] 2D SBUs. Both the
interatomic distances within the mixed O/Se distorted octahedral
environment of the Fe atoms (see Table 6 and Figure 2b—d)
and the results of bond valence sum calculations are in
agreement with the +2 oxidation state for the iron atoms (1.92
and 2.04 for Ba,F,Fe,OSe, and Sr,F,Fe,0S,, respectively).
Within the Fe,OQ, layer (Figure 2e), the nearest-neighbor
Fe--+Fe distance ranges from 2.966 Ain BayF,Fe,OSe, to 2.857
A in SI‘zeFCzOS2.
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Figure 4. Resistivity as a function of temperature for (blue) SroF,Fe,OS,
and (red) Ba,F,Fe,OSe;.

4. Electrical Resistivity

Figure 4 shows the temperature dependence of the electri-
cal resistivity measured for single-crystal samples of
Ba,F,Fe,0Se; and Sr;F,Fe,0S,. Both compounds are non-
metallic, and their electrical resistivities exhibit an activated
behavior, p(T) = p, exp(Ey/kgT), where kg is Boltzmann’s
constant. The activation energies (E,) were 0.28 and 0.10
eV for Ba,F,Fe,OSe, and Sr,F,Fe,08S,, respectively. The
room-temperature resistivity of SroF,Fe,OS, is 2 orders of
magnitude smaller than that of Ba,F,Fe,OSe,. To account
for this observation, it should be recalled that the nearest-
neighbor Fe-++Fe, Fe—Q, and Fe—O distances are shorter
in Sr,F,Fe,0S, than in BajF,Fe,OSe, (see Table 6). For
nonmagnetic semiconductors, replacing Se atoms with more-
electronegative S atoms increases the band gap, and this
feature is widely used to tune the band gaps of semiconduc-
tors such as Culn;-,Ga,S,-,Se, (CIGS) used for solar cells.
To a lesser extent, replacing Sr atoms with more-electropos-
itive Ba atoms also increases the band gap. For example, for
AsF>SnQ3 (A = Sr, Ba; Q = S, Se), the optical band gap
increases from 2.24 and 2.49 eV for Sr,F,SnSe; and
Ba,F,SnSes;, respectively, to 3.06 eV and 3.21 eV for
SroF2SnS; and Ba,F,SnSi, respectively.'” The activated
electrical conductivities with small activation energies for
BayF,Fe,0Se; and Sr,F,Fe,0S; cannot be explained from the
viewpoint of an energy gap between the valence and
conduction bands of a nonmagnetic insulator. As will be
shown in the next section, these oxyfluorides are magnetic
semiconductors (i.e., Mott insulators) with unpaired spins at
the Fe?" sites. For a magnetic semiconductor, electrical
conduction results from electron-hopping between adjacent
spin sites. Thus, because of its shorter Fe«++Fe, Fe—Q, and
Fe—O distances, SroF>Fe,OS, has a greater integral for
hopping between adjacent Fe>" sites and hence a larger
electrical conductivity than does Ba,F,Fe,OSe,. The com-
pound LaOFeP, which has a square planar lattice of Fe atoms
(see Table 7), is metallic and was recently found to be
superconducting.®® The nearest-neighbor Fe+++Fe distance in
LaOFeP is 2.803 A, which is only 0.054 A shorter than that
in Sr,F,Fe;0S,. Therefore, it would be of interest to examine
whether Sr,F,Fe;OS, might undergo an insulator-to-metal
transition upon application of external pressure. Conversely,
attempts to electronically dope A,F,Fe,OQ; by substituting
a small amount (<10 %) of Sr or Ba with Na in order to
induce an insulator-to-metal transition were not successful
but led to a new mixed-valence compound, Ba,F,Fe,; 555.3*

5. Magnetic Properties

The temperature dependence of the magnetic susceptibilities
of B?QFQFGQOSCQ (d]:ef]ze = 2.966 A) and SI‘zeFGzOSz (dpefpe
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Table 7. Evolution of Magnetic and Electrical Properties with Decreasing Cell Parameter a and Fe—O and Fe—Fe distances for the series of
compounds BaxF2Fe,0Sey, BasFaFeo0Sy, SroFoFexOSep, SraoFaFex0S,, and LaOFeP?

Ba,F;Fe,08e, Ba,F;Fe,08; SraF,Fe;0Se; SroFoFe;0S, LaOFeP
a (A) 4.1946(6) 4.1238(2) 4.0925(2) 4.0400(6) 3.964(1)
dre—o0 (A) 2.097(1) 2.062(1) 2.046(1) 2.020(1) -
dre—re (A) 2.966 2916 2.894 2.857 2.803
susceptibility AFM AFM AFM AFM Pauli
n (K) 83.6 94-95 95—-97 106.2 -
resistivity semiconducting semiconducting semiconducting semiconducting metallic
E, (eV) 0.28 - - 0.10 -

“The comparison with LaOFeP shows that the A;F;Fe;OQ, compounds are close to the insulator-to-metal transition and could exhibit

superconductivity upon application of external pressure.

= 2.857 A) is shown in Figure 5a. The susceptibility shows a
broad maximum at high temperature, indicating the presence
of dominant AFM interactions. Moreover, the susceptibility-
versus-temperature curves show anomalies at ~85 and ~105
K for Ba,F,Fe,OSe, and Sr,F,Fe,08S,, respectively. (SryF-
Fe,OSe; and BayF,Fe,0S, exhibit similar susceptibility curves,
with anomalies at ~96 and ~94 K, respectively). The specific
heat of Ba,F,Fe,OSe, (Figure 5b) exhibits a peak at 83.6 K,
which is close to the temperature at which the magnetic
susceptibility anomaly occurs. Thus, the magnetic and calori-
metric anomalies suggest the existence of a long-range-order
AFM transition in this compound at an AFM ordering temper-
ature (Néel temperature) of Tx =~ 85 K. This is further confirmed
by neutron diffraction data collected for Ba,F,Fe,OSe, (see
Figure 5d.,e), which show magnetic peaks below 83.6 K (see
below for further discussion). At high temperature, the neutron
powder patterns were fully indexed with a tetragonal cell, while
at low temperature, the neutron powder patterns revealed an
incommensurate magnetic phase. For example, for the powder
pattern recorded at 1.5 K, the nuclear structure was refined with
a tetragonal cell [a = 4.222(2) A, ¢ = 19.323(7) A], and the
new magnetic peaks could be indexed in a supercell [a = b =
5.970(3) A, ¢ = 19.323(7) A] with a modulation vector q=
(0.41727, 0.00000, 0.00000). These results together with the
observation of activated electrical conductivities show that
Sr,F,Fe,0S, and Ba,F,Fe,0Se, are magnetic semiconductors.
This conclusion is also consistent with the results of our >’Fe
Madssbauer measurements on Ba,F,>Fe>OSe, and Sr,F,Fe,0S,
(Figures 6a and 7a). From high temperatures down to Ty, the
Mossbauer spectra of Ba,F,Fe,OSe, and SryF:;Fe,OS, are
composed of a doublet. The refined parameters for the spectra
of Ba,F,Fe,0Se, and Sr,F,Fe,0S,, respectively, at 300 K had
the following values: isomer shifts (0) of 0.92 and 0.90 mm/s;
quadrupole splittings (A) of 2.21 and 1.91 mm/s. These isomer
shift values exclude the presence of Fe*" ions. Conversely, they
lie between the corresponding values found for pure chalco-
genides (0.8—0.9 mm/s)*>*® and oxides (1.03—1.28 mm/s)*"#
containing high-spin Fe>* ions. Magnetic spectra were found
at temperatures below 7, which supports the presence of high-
spin Fe>" jons. For all of the spectra recorded for 7 < Ty, we
extracted the hyperfine magnetic field value (H) in order to
determine the evolution of H/Hg, with respect to 7/Ty (Figures

(33) Kamihara, Y.; Hiramatsu, H.; Hirano, H.; Kawamura, R.; Yanagi, H.;
Kamiya, T.; Hosono, H. jiiuiismias. 2006, /28, 10012.

(34) Kabbour, H.; Cario, L. fisiceislsi 2008, 47, 1648.

(35) Joy, P. A.; Vasudevan, S. tiniubdsigy. 1993. 5, 1182.

(36) Morimoto, S.; Matsushita, Y.; Ueda, Y.; Kawase, M.; Saito, T.;
Nakamura, S.; Nasu, S. J. Magn. Magn. Mater. 2007, 310, E962.

(37) Menil, F. N 1985. 46, 763-789.

(38) Benmokhtar, S.; El Jazouli, A.; Aatiq, A.; Chaminade, J. P.; Gravereau,
P.; Wattiaux, A.; Fournes, L.; Grenier, J. C. J. Solid State Chem. 2007,
180, 2004.
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6b and 7b), where the Hg, values near 4 K for Ba,F>Fe,OSe;
and SrF,Fe;08S; are 204 and 206.5 kG, respectively. The slopes
(B) of the log(H/Hgy)-versus-log(1 — T/Tx) plot (see the insets
in Figures 6b and 7b) were 0.118 for Ba,F,Fe,OSe; and 0.15
for Sr,F,Fe;0S,. These 3 values are close to the theoretical value
of 0.125 expected for a 2D Ising system.*®

The inset of Figure 5b shows the magnetic contribution to
the specific heat of Ba,F,Fe,OSe, after subtraction of the
phonon contribution, which is preponderant at temperatures
higher than 10 K. This magnetic contribution to the specific
heat was plotted as a function of log(I1 — TnI/Tn) in Figure
Sc, which shows two straight lines corresponding to the 7' >
Tn and T < Ty regions. In addition, the magnetic specific
heats above and below Ty are similar. This is consistent with
the conclusion that the magnetic transitions of Ba,F,Fe,OSe,
and Sr,F,Fe,0S, belong to the 2D Ising system universality
class.

Figure 5d shows the temperature dependence of the most
intense magnetic peak (260 = 38°) in our neutron powder
diffraction data for Ba,F,Fe,OSe,. The magnetic moment on
Fe, M., is proportional to the square root of the normalized
integrated magnetic peak intensity. The temperature depen-
dence of Mg can be fitted to the power law Mg.(T) = C(1 —
T/Ty)? with B = 0.15. This S value is consistent with the
corresponding one obtained from the Mossbauer measure-
ments (f = 0.118).

All of the measurements described above clearly support the
conclusion that the compounds A,F,Fe;0Q, (A = Sr, Ba; Q =
S, Se) with Fe®' ions at octahedral sites exhibit an AFM
transition belonging to the 2D Ising universality class. At this
point, we note (a) that 2D Ising systems are the only low-
dimensional compounds for which a transition to a long-range-
ordered state is theoretically expected®**’ and (b) that some
other magnetic systems containing Fe*" ions exhibit Ising-like
behavior with an AFM transition.>> However, we also note that
the Ising behavior observed in the A;F,Fe,OQ, compounds is
quite puzzling, because the iron atoms are located at octahedral
sites. Uniaxial magnetic properties are not expected for Fe*"
ions at perfectly octahedral sites (O, symmetry),*' although such
ions can produce substantially anisotropic magnetic properties.
Even though the site symmetry does not allow A>F,Fe,OQ; to
be a pure Ising system, the distorted octahedral sites of the Fe*"
ions in these compounds (D,, symmetry) allow for strong
anisotropic magnetic properties, leading to Ising-like behavior.

In the series of compounds A;F,Fe,OQ, (A = Sr, Ba; Q
=S, Se), substitution of the alkaline-earth and/or chalcogen
atoms affects the distortion of the Fe?t octahadral sites, as
evidenced by the increase of the Q—Fe—Q angle upon
replacement of S by Se or Ba by Sr (see Table 6). Moreover,
all of the distances, including the Fe-++Fe, Fe—O, and Fe—Q
distances in the [Fe,OQ,] layers, are systematically increased
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Figure 5. Characterization of the magnetic transition for Ba,F,Fe,OSe,
and SroF,Fe,0S,: (a) Temperature dependence of the magnetic susceptibility.
(b) Evolution of the specific heat of Ba,F,Fe,0Se, with temperature; the
inset highlights the magnetic contribution. The dotted line corresponds to
the estimated phononic contribution, which was used to extract the magnetic
contribution. (c) Evolution of the magnetic specific heat of Ba,F,Fe,OSe,
with the logarithm of # = IT — Tnl/Tn. The straight lines observed for 0.01
< t < 0.1 indicate that the specific heat follows a logarithmic divergence
close to Tn. The amplitude ratio A+/A—, corresponding to the slope ratio
in this representation, is very close to 1. Both features are expected on the
basis of the 2D Ising model. (d) Evolution of the neutron diffraction intensity
of the most intense magnetic peak for Ba,F,Fe,OSe, (20 = 38°) as a
function of temperature. The power-law fit of this curve gives a critical
exponent of 0.15, indicating a 2D Ising model. (e) Neutron diffraction
patterns of Ba,F,Fe,OSe; collected before and after the AFM transition.

upon replacement of S by Se or Sr by Ba (see Table 6). As
shown in Table 7, Ty increases from 83.6 K in Ba,F,Fe,OSe,
to 106.2 K in SrF,Fe,0S,. This suggests that isovalent
chemical substitutions in the A;F,Fe,0Q, family induce a
chemical pressure effect that enhances the spin exchange
interactions. A similar observation has been made for the
oxysulfide compound Sr,CuyCo0;S; containing CoO; square
planar layers.*?

6. Spin Exchange Interactions and Magnetic Structure

In this section, we discuss our investigation of the magnetic
properties of BaF,Fe;OSe, and SrF,Fe;OS, using first-

Figure 6. (a) Mossbauer spectra of BaoF,Fe,OSe, collected before and
after the AFM transition. (b) Plots of H/Hgy vs T/Tx and (inset) log(H/Hgat)
vs (1 — T/Ty) lead to a value of 0.118 for the critical exponent (f3), indicating
2D Ising magnetic interactions. A weak nonmagnetic contribution appears
in the magnetic spectrum recorded at 83 K. Conversely, in the nonmagnetic
spectrum recorded at 83.5 K, the doublet asymmetry and some absorption
between the two lines could be due to a very weak magnetic contribution
(which could not be significantly refined). In view of the drastic increase
of the hyperfine field just below Ty (see inset), which is characteristic of
2D magnetic behavior, defects or very small changes in stoichiometry could
easily explain the presence of domains with slightly different magnetic-
ordering temperatures.

principles DFT electronic structure calculations. To properly
describe the strong electron correlation associated with the 3d
electrons of Fe, the GGA plus on-site repulsion (U) method
(GGA+U) was employed.*® As depicted in Figure 8, there are
three intralayer spin exchange interactions that must be con-
sidered for Ba,F,Fe,OSe, and Sr,F,Fe,0S,: Ji, J», and J5 are
the exchange parameters correspond to spin exchange through
corner-sharing Fe—O—Fe, edge-sharing Fe—Q—Fe, and face-
sharing Fe—O—Fe/Fe—Q—Fe linkages, respectively. These
exchange parameters can be determined by calculating the total
energies of several ordered spin states and then equating
differences in these energies to the corresponding energy
differences expected on the basis of the spin Hamiltonian
expressed in terms of Jy, Jo, and J3.**~*¢ Since there are three
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Figure 7. (a) Mossbauer spectra of SroF,Fe,OS, collected before and after
the AFM transition. (b) Plots of H/Hgy vs T/Tn and (inset) log(H/Hgy) VS
(1 — T/Ty) lead to a value of 0.15 for the critical exponent (3), indicating
2D Ising magnetic interactions. Analogous to what was observed for
Ba,F>Fe,OSe; (Figure 6), a weak magnetic contribution is present at 109
K and a weak nonmagnetic contribution at 107 K.

parameters to determine, we considered the four ordered spin
states FM, AF1, AF2, and AF3 depicted in Figure 9. The choice
of broken-symmetry states such as AF2 and AF3 may seem
strange, but such states facilitate extraction of the spin exchange
parameters (see below). The relative total energies per chemical
unit cell (i.e., per two formula units) obtained for the FM, AFI,
AF2, and AF3 states of BayF,Fe,OSe, and Sr,F,Fe,0S, by
performing GGA+U calculations with several different U values
are summarized in Table 8. It should be pointed out that spin-
polarized GGA calculations (i.e., GGA+U calculations with U
= 0) lead to metallic states for Ba,F,Fe,OSe; and Sr,F,Fe,OS,.
Given that these compounds are magnetic insulators, GGA+U
calculations with nonzero U are necessary to properly describe
their magnetic properties. For both compounds, the total energies
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Figure 8. Spin exchange paths Ji, Jo, and J3 present in each Fe,OQ; layer
of A;F,Fe,0Q,. The Fe, Q, and O atoms are represented by red, yellow,
and blue circles, respectively. The labels 1, 2 and 3 represent Ji, J2, and J3,
respectively.

of the four ordered spin states increased in the order AF1 <
AF3 < AF2 < FM.

To extract the values of the spin exchange parameters
J1—J5 from the above electronic structure calculations, we
expressed the total spin exchange interaction energies of the
four ordered spin states in terms of the Ising spin Hamiltonian

A=-% 758, (1)

<y

where Jjj (=Ji, Ja, or J3) is the spin exchange parameter for the
spin exchange interaction between spin sites i and j and S, and
S’jz are the operators for the z components of the spin angular
momentum at spin sites i and j, respectively. Next, by applying
the energy expressions obtained for spin dimers with N unpaired
spins per spin site (in the present case, N = 4 for the high-spin
Fe?* ions)fw’48 we derived the following formulas for the total
spin exchange energies per chemical unit cell for the four
ordered spin states:

Epy = (—8J, — 4], — 4J )N*/4 (2a)

Exp=Q®;—4),— 411)N2/4 (2b)
EAF2:(_4‘13_2J2_4J1)N2/4 (20)
Enps = (—4J5— 2, = 2J)N’/4 (2d)

By equating the energy differences between pairs of states
written in terms of Ji, J,, and J3 to the corresponding electronic
energy differences obtained from the DFT calculations, we
obtained the values of Jy, J», and J; summarized in Table 9.
For both BayF,Fe;OSe, and SrF,Fe,0S,, our GGA+U
calculations showed that the Fe—O—Fe spin exchange J; and
the Fe—O—Fe/Fe—Q—Fe spin exchange J3 are AFM, while the
Fe—Q—Fe spin exchange J; is ferromagnetic (FM). The main
antiferromagnetic interaction between the iron spins is mediated
through the Fe—O—Fe 180° superexchange within the [Fe,O]
planes, which is in accord with the Goodenough—Kanamori
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Figure 9. Schematic representations of the four ordered spin states FM, AF1, AF2, and AF3 of A,F,Fe,0Q; that were employed in order to extract the spin
exchange parameters Ji, J», and J3. For simplicity, only the Fe atoms are shown, and the spin-up and spin-down Fe sites are represented by empty and filled
circles, respectively. The green, yellow, and white cylinders represent the J;, J», and J3 spin exchange paths, respectively.

Table 8. Relative Energies AE (meV/unit cell) of the FM, AF1,
AF2, and AF3 States of Ba,SesFe>OF, and Sr.S;Fe>OF, Obtained
from GGA+U Calculations

U (eV) M AF1 AF2 AF3
(a) BazSezFezOFz
1.5 0 —156 —19.7 —79.8
3.0 0 —164 —22.6 —61.7
4.5 0 —145 —19.5 —47.3
(b) SrzSzFBzOFz
1.5 0 —158 —36.3 —83.4
3.0 0 —160 —31.3 —63.7
4.5 0 —145 —29.3 —51.8

Table 9. Values of the Spin Exchange Parameters Ji, J», and Js
(meV) for BaxSesFe,OF, and SroS;Fe,OF, Estimated from the
GGA+U Calculations

U (eV) 4 b Js
(a) BazSezFeQOFg

1.5 -1.5 2.4 —2.4

3.0 —4.9 23 —2.6

4.5 —-3.5 2.1 —2.3
(b) Sl‘zSzF62OF‘2

1.5 —-59 0.4 —25

3.0 —4.1 1.1 —25

4.5 —2.8 0.9 —23

rules. A given Fe?t site has four Js interactions, two J,
interactions, and two J; interactions with surrounding Fe>" ions.
It is therefore clear that the overall spin exchange interaction
between nearest-neighbor spins is AFM, which is in agreement
with the experimental observations. These calculations are also
consistent with the experimental susceptibilities measured for
A,F>Fe;0Q; compounds with high-spin Fe?t (S = 2) ions.
In each layer of Fe?* ions parallel to the ab plane, the Fe*"
ions form a checkerboard pattern (Figure 10a). Table 9 shows
that |J;1 > /31 = J, for small U and that |/;] becomes smaller
but remains slightly greater than 1/3| for large U. In the limit
where IJ,1 > /3l = J,, the strongest spin exchange, J;, forms
one set of uniform 1D AFM chains along the a direction and
another set of uniform 1D AFM chains along the b direction
(Figure 10b,c). In each set, an FM interchain coupling leads to
the “1A2F” spin arrangement (Figure 10b) and an AFM
interchain coupling to the “1A2A” spin arrangement (Figure

Figure 10. (a) Checkerboard pattern of high-spin Fe*" ions in each Fe;0Q,
layer of A;F;Fe;OQ; parallel to the ab plane. Each circle represents an
Fe>" ion, and the labels 1, 2, and 3 refer to the spin exchange interactions
Ji, J2, and J3, respectively. (b) The 1 A2F spin arrangement, in which all of
the J; and J, paths have AFM and FM couplings, respectively. (c¢) The
1A2A spin arrangement, in which all of the J; and J, paths have AFM
coupling. (d) The 2F3A spin arrangement, in which all of the J, and J3
paths have FM and AFM couplings, respectively. In (b—d), the spin-up
and spin-down sites are indicated by empty and filled circles, respectively.

10c). In both the 1A2F and 1A2A spin arrangements, half of
the J3 interactions are frustrated, so their contributions to the
stability of the spin arrangements are zero. Since the J,
interactions are FM, the 1 A2F spin arrangement is more stable
than the 1A2A spin arrangement. In the “2F3A” spin arrange-
ment shown in Figure 10d, all of the J; interactions become
frustrated as a consequence of the AFM coupling for all of the
J3 paths and the FM coupling for all of the J, paths. The 1A2F
spin arrangement should be more stable than the 2F3A spin
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arrangement when 1/,1 > 21J/3l, but the opposite should be true
when /| < 2l/5l.

For the most realistic values of U (3 and 4.5 eV), our
calculations showed that |J;1 < 2151, with 1/,1/21/3] ranging from
0.6 to 0.94. In the limit where IJ;| > 21/, the spin exchange
interactions of the 2D checkerboard lattice may be approximated
by Ising and Heisenberg 2D square lattice models with ions of
spin S = 2 and nearest-neighbor AFM spin exchange J3. In this
case, these models give the following formulas showing how
the temperature T, at which the magnetic susceptibility reaches
a maximum is related to J5:*

kB Tmax

Ising 2D square lattice: =13.9 (3a)

A

kBTmax

i =24.8 (3b)

For Ba,F,Fe,OSe; and Sr,F,Fe>OSs, Thax 18 in the 120—150
K range, so /3l is estimated to be 0.7—0.9 meV for the Ising
square lattice and 0.4—0.5 meV for the Heisenberg square
lattice. These values are considerably smaller than the calculated
|/l values. This result shows that both of the AFM interactions
Ji and J3 must be considered in order to properly describe the
magnetic properties of the A;F,Fe;OQ> compounds. This is not
surprising, as J; and Js were calculated to be of the same
magnitude, i.e., the system is far from the I/;| > 21/l limit. As
mentioned above, J; and J3 interactions therefore form a
frustrated AFM checkerboard lattice (see Figure 10d) that is
not critically modified by the FM interaction J, that couples
spins along the diagonals of “empty” squares of the lattice (see
Figure 10). Frustrated AFM checkerboard lattices have received
much attention in the last decade as a prototype frustrated low-
dimensional system in which long-range order is in competition

Heisenberg 2D square lattice:

(39) Onsager, L. idionitiiinl 1944, 65, 117.
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with a disordered state related to geometric spin frustration.”
Despite the frustration, an ordered Néel state may arise in the
checkerboard lattice for spin values larger than S = '/, in the
isotropic case (here this applies when J; = J3).5° Furthermore,
theoretical calculations for the isotropic (J; = J3 = J) Ising
checkerboard predict that the Néel temperature is given by Ty
= 3.73W/l/kg.”" For IJl = 2.55 meV (=I|J3| for SroF>Fe,0S; from
Table 9b), the Néel temperature of 110 K calculated using this
formula compares very well with the experimental Ty value of
106.2 K (see Table 7). This good agreement between theory
and experiment indicates that the checkerboard lattice is
appropriate for describing the magnetic properties of
A,F>Fe,0Q;. Checkerboard spin lattices are scarce. In that
respect, the first experimental realization of a frustrated S = 2
AFM checkerboard spin lattice in the A,F,Fe,0OQ, compounds
is of special interest.

7. Concluding Remarks

We have synthesized a novel family of compounds,
A,F>Fe,0Q; (A = Sr, Ba; Q = S, Se), that have Fe,O square
planar layers with an anti-CuO»-type structure. Our resistivity,
magnetic susceptibility, and specific heat measurements showed
that the A,F,Fe,0Q, compounds are magnetic semiconductors
and undergo an AFM transition below 83.6—106.2 K. The
temperature dependence of the magnetic properties of
Ba,F,Fe;0Se, and Sr,F,Fe,0S, is reasonably well described
by an Ising 2D square net model. The spin exchange interactions
in BayF,Fe,0Se; and Sr:F,Fe,0S, estimated from first-principles
DFT calculations showed that the corner-sharing Fe—O—Fe and
face-sharing Fe—O—Fe/Fe—Q—Fe spin exchange interactions
(/1 and J3, respectively) are both AFM and form a checkerboard
spin lattice. The A,F.Fe;0Q, (A = Sr, Ba; Q = S, Se)
compounds represent the first experimental realization of an §
=2 antiferromagnetic checkerboard spin lattice.
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