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Magnetic and structural properties of the iron oxychalcogenides La2O2Fe2OM2 (M = S, Se)
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We present the results of structural and magnetic phase comparisons of the iron oxychalcogenides
La2O2Fe2OM2 (M = S, Se). Elastic neutron scattering reveals that M = S and Se have similar nuclear structures
at room and low temperatures. Our neutron diffraction data reveals that both materials obtain antiferromagnetic
ordering at a Néel temperature TN 90.1 ± 0.16 K and 107.2 ± 0.06 K for M = Se and S, respectively. The
magnetic arrangements for both M = S, Se compounds are obtained through Rietveld refinement. We find the
order parameter exponent β to be 0.129 ± 0.006 for M = Se and 0.133 ± 0.007 for M = S. Each of these values is
near the Ising symmetry value of 1/8. This suggests that although lattice and electronic structural modifications
result from chalcogen replacement, the nature of the magnetic interactions is similar in these materials.
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I. INTRODUCTION

The discovery of superconductivity in iron pnictide (FePn)
compounds has generated considerable interest because these
materials seem to be the only current alternative to the
cuprates for comparably high transition temperatures to the
superconducting state. As with the cuprates, superconductiv-
ity in the FePn appears by doping electrons or holes into a
magnetically ordered parent compound. An important ques-
tion is whether the FePn parent compounds are on the verge
of a metal-insulator transition [1,2]. In order to establish the
so-called incipient Mott scenario [3] in FePn, it is important
to identify the Mott insulating portion of the phase diagram
of these materials. One way to drive an FePn into the Mott
insulating phase is by reducing the electron kinetic energy t

and increasing the electron correlation interaction U .
Specific attention has been given to iron oxychalcogenides

[4–7] by investigators seeking to discover new iron-based
materials in which high-Tc superconductivity might be ob-
tained by doping the Mott insulating state [8–10]. The iron
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oxychalcogenides La2O2Fe2OM2 with M = (S, Se), de-
noted by La2O2Fe2O(S, Se)2 throughout the paper, provide
a case study in this approach. These particular iron oxy-
chalcogenides are parent compounds that have a composition
such that the nominal valence of Fe is 2+ and contain an
Fe square lattice, which is similar to, but expanded rela-
tive to the FePn. La2O2Fe2O(S, Se)2 were first reported to
have insulating properties by Mayer et al. [11]. In addition,
the crystal structure contains tetragonally ordered, FePn-like
Fe planes for which chalcogens alternate above and below
the iron atoms. Oxygen atoms are contained in the rare-earth
layers remniscent of the charge resevoirs of high-Tc cuprates
[8,11].

In addition, the electronic behavior of La2O2Fe2O(S, Se)2

has been investigated. Zhu et al., using local density to
dynamical mean-field theory (LDA + DMFT), predicted
[8] Mott insulating behavior and band narrowing for both
La2O2Fe2O(S, Se)2. Bulk transport and magnetic measure-
ments, in addition to resonant inelastic x-ray scattering and
soft x-ray absorption spectroscopy [12], provided experimen-
tal evidence that both systems are indeed Mott insulators
[8]. Band narrowing within La2O2Fe2O(S, Se)2 has been
proposed to lead to a Mott insulating state as well as enhanced
electron correlation effects [8]. While exhibiting strongly
correlated Mott insulating behavior, La2O2Fe2O(S, Se)2 com-
pounds may offer tunability of their electronic properties
near a metal-insulator transition. In Mott insulators, it has
been observed that sizable electronic correlations drive new
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physical effects upon doping (electron or hole) and other
external perturbations [13]. They can induce a range of inter-
esting behavior including a pseudogap regime as in the case
of Na2Fe2OSe2 [6,14] or orbital-selective incoherent states
that naturally yield coexistent insulating and bad metallic
states as in cuprates or FePn [15–17]. Furthermore, iron oxy-
chalcogenides can be tuned by transition-metal or chalcogen
substitution [8], to produce novel electronic and magnetic
phases at low temperature. The substitution of S and Se has
been shown to alter the character of electronic partial density
of states in this material class [8,12,18]. Even the presence of
superconductivity in the iron oxychalcogenides has been of
interest such that the effects of F-doping in La2O3−xFxFe2Se2

and the substitution of Mn for Fe in La2O2Fe1−xMnxSe2

have been investigated; however, no superconductivity was
observed [10,19,20].

In addition to interesting electronic properties, studies of
the magnetic behavior of iron oxychalcogenides have been
pursued. A2F2TM2OM2 where A = (Ba, Sr) have been the
subject of recent studies [8,19–25] which showed that these
materials order antiferromagnetically. Further, Ba2F2Fe2OSe2

was proposed to be an example of a compound with a
frustrated antiferromagnetic (AFM) checkerboard spin lattice
[22]. Other oxychalcogenides exhibit the onset of AFM order-
ing two-dimensional (2D) short-range magnetic correlation
well above the Néel temperature TN [26]. Stock and McCabe
recently reviewed magnetic frustration and spin fluctuations
in La2O2Fe2OSe2 [4] and other oxychalcogenides.

In this work, we study and compare the structural and mag-
netic properties of the iron oxychalcogenides La2O2Fe2OS2

and La2O2Fe2OSe2 using neutron powder diffraction (NPD).
Our focus is on powder materials since single-crystalline
samples remain difficult to produce. We measure the neutron
diffraction intensity as a function of temperature and we
examine the structural and magnetic distinctions between
the two parent compounds at room and low temperatures.
Section II provides the experimental details of the magnetic
susceptibility and neutron diffraction measurements. Section
III gives the results of nuclear and magnetic diffraction of both
M = (S, Se) compounds. In addition, we discuss the magnetic
structure and the magnetic order parameter behavior which
reveal Ising symmetry in both materials. We provide a discus-
sion of our findings within the context of specific magnetic
exchange interactions and relative to other oxychalcogenide
reports in the literature. Finally, our results are considered in
light of some theoretical findings that have been reported on
La2O2Fe2O(S, Se)2 systems.

II. EXPERIMENT

The samples studied here, La2O2Fe2O(S, Se)2, have nom-
inal compositions and were prepared by a conventional solid-
state reaction method using high-purity La2O3, S, Se, and Fe
powders as starting materials. The powders were mixed in
the stoichiometric ratios and carefully ground. Subsequently,
the powders were pressed into pellets and then heated in an
evacuated quartz tube at 1030 ◦C for 3 days; this process
was repeated three times. The samples were confirmed to be
of a single phase by the laboratory x-ray powder diffraction
measurements [11].

NPD experiments were performed using the C2 high-
resolution diffractometer at the NRU reactor at Chalk River
Canadian Nuclear Labs. Room-temperature measurements
were conducted with approximately 3 g of finely ground
powder of both La2O2Fe2S2 and La2O2Fe2Se2. The samples
were contained in vanadium cannisters sealed with indium
gaskets under an atmosphere of He exchange gas. The low-
temperature NPD measurements were conducted using the
same cannisters. All handling of the powders was performed
inside a He glovebox. The C2 diffractometer is equipped with
an 800-wire position sensitive detector covering a range of
80◦. Data were collected in the angular range from 5◦ to
117◦ 2θ using a Si (5 3 1) monochromator at wavelengths λ

of 1.33 and 2.37 Å. Because λ is similar in scale as the atomic
spacing, the incident neutrons can be Bragg diffracted by
nuclear positions. Neutrons have zero charge and a fermionic

(a)

(b) M = S
1T field 

FIG. 1. The magnetic susceptibility of La2OFe2O2M2.
(a) M = Se and (b) M = S.
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S = 1/2; the resulting magnetic dipole moment of the neutron
interacts with unpaired electrons to reveal magnetic ordering
in solid materials. Rietveld analysis of the nuclear diffraction
data estimated the samples to contain less than 1.2% and 1.3%
of impurity phases in La2O2Fe2(S, Se)2, respectively.

Resistivity versus temperature data for M = S and Se have
been published in Refs. [8] and [12]. To examine the magnetic
properties of these compounds, we measured magnetic sus-
ceptibility, dM/dH as a function of temperature. The results
are shown in Fig. 1; M is defined as the magnetization per
unit volume and H is the applied magnetic field. The data
were collected on powder samples with H = 1 T during
warming using a magnetic properties measurement system
manufactured by Quantum Design, Inc. The vertical lines in
Fig. 1 serve as a guide to the eye and indicate the TN whose
determination is discussed below. The susceptibility data are
similar to what is expected from 2D AFM samples except
that there are Curie tails at low temperatures. This could
indicate the presence of a small concentration of paramagnetic
impurities. The Curie tails do not affect the susceptibility
curves in the Néel regions.

III. RESULTS

A. Nuclear structure: M = S, Se

Room-temperature data was collected for crystal structure
refinement in order to avoid magnetic Bragg peak contribu-
tions in analyzing the structural details of these materials.
Figures 2(a) and 2(b) show the results of Rietveld structural
refinement of (a) M = S and (b) M = Se at 290 K for data
collected with neutrons with a wavelength of λ of 1.33 Å. The
crystal structure refinement of the powder neutron diffraction
data was carried out using the FULLPROF [27] program suite,
with the use of its internal tables for scattering lengths. Our
data is consistent with previous reports on M = Se [28]. Our
results indicate that both M = (S, Se) materials have similar
nuclear structures with the space group I4/mmm (No. 139)
consistent with previous reports on M = Se [11]. The quality
of the presented fits can be assessed by the listed Rietveld fit
criteria: R-pattern Rp, R-whole pattern Rwp, R-Bragg RB and
crystallographic factor Rf . For M = Se, Rp = 8.5%, Rwp =
10.1%, RB = 2.5%, Rf = 1.6%; M = S, Rp = 7.7%, Rwp

= 8.4%, RB = 1.9%, and Rf = 1.2%. Figure 3(a) shows
this crystal structure. A direct comparison of the Rietveld
refinement parameters of M = (S, Se) is given in Table I.
Bond angles and atomic distances, extracted from Rietveld
refinement parameters, are tabulated for comparison of M = S
and Se in Table I. For completeness Table III presents the
atomic position of constituents of La2O2Fe2O(S, Se)2 with
their respective Wyckoff symbols. We find that the Fe unit
cell volume of M = Se is larger than that of M = S. This is
reasonable given that the ionic radius of sulfur (100 pm)
is smaller than selenium (115 pm), consistent with our
finding that the lattice parameters of La2O2Fe2OS2(a =
4.0397 Å, c = 17.8782 Å) are smaller than those of
La2O2Fe2OSe2(a = 4.0849 Å, c = 18.5865 Å). The inter-
atomic distances we obtained are given in Table II. The Fe-
Fe atomic distances dFe-Fe are larger by 1.2% and 1.1%, as
compared to LaFeOAs [29] for M = Se and S, respectively.

Rietveld analysis yielded measurements for the bond angles
subtended by Se-Fe-Se and S-Fe-S defined as θ1 and θ2,
respectively, as listed in Table II. These bonds define the
distortion of the Fe(S, Se)4 squares contained in the Fe2OS4

and Fe2OSe4 octahedra [cf. Fig. 3(a)], respectively.
La2O2Fe2O(S, Se)2 contain anti-CuO2-type square, pla-

nar stacks such that [La2O2]2+ layers and [Fe2O]2+ layers
are separated by (S, Se)2− anions as seen in Fig. 3(a). The
Fe2+ cations are linked through two in-plane oxygen O(2)
anions as well as four out-of-plane (S2−, Se2−) anions. The
Fe atoms are tetrahedrally coordinated with (S, Se) atoms
alternatingly located above or below the center of the Fe-
O plaquettes; therefore, the Fe-M layers are not flat. These
D2h point symmetry octahedra are face sharing such that the
shared face is intersected by the Fe-Fe nearest-neighbor line of
sight [21].

FIG. 2. Rietveld refinement profiles using (a) M = Se and (b)
M = S at 290 K; data collected using the C2 diffractometer with
wavelength λ = 1.33 Å. The data were refined using the space group
I4/mmm. Observed and calculated patterns are shown in black and
red, respectively, with the difference profile (blue) and nuclear Bragg
peak positions shown as green vertical tick marks.
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FIG. 3. The crystal structure of La2O2Fe2O(S, Se)2 is shown in
(a). The coordination geometry of an Fe atom is shown in (b). The
angles θ1 and θ2 are described in the text.

Here we list the angles θ1 and θ2 [see Fig. 3(b)] for
M = S and Se along for a comparison with that of
other oxychalcogenides. Specifically, La2O2Fe2OS2, 98.7◦
and 81.3◦; La2O2Fe2OSe2, 97.2◦ and 82.8◦; Nd2O2Fe2OSe2,
96.1◦ and 83.9◦ [30]; La2O2Co2OSe2, 98.7◦ and 81.3◦ [31];
Sr2Ti2F2OAs2, 96.3◦ and 83.7◦; Sr2Ti2F2OSb2, 91.0◦ and
89.0◦ [32]; Sr2Fe2F2OS2, 100.2◦ and 79.8◦; Ba2Fe2F2OS2,
102.2◦ and 77.8◦; Sr2Fe2F2OSe2, 97.2◦ and 82.8◦ [22]. As
seen this comparison of the θ1 values for M = S, Se indi-
cate that the S atoms are closer to the iron plane than Se
chalcogens. This Fe-S distance results in greater octahedral
distortion for the M = S material as compared to M = Se
[33].

Our low-temperature, high-resolution, M = (S, Se) powder
diffraction data does not contain pattern changes or structural
Bragg peak splittings that would indicate the occurrence of
a thermally driven structural phase transition. We do not
observe the emergence of an atomic arrangement with lower
symmetry as a function of temperature. This is consistent with
the results for M = Se reported by Free and Evans [28].
Those authors noticed subtle temperature-dependent lattice
behavior and atomic displacement parameter U33 trends in

TABLE I. Refined parameters for La2O2Fe2O(S, Se)2 at 290 K.
B is the isotropic thermal parameter.

La2OFe2O2Se2 La2OFe2O2S2

a (Å) 4.0849(6) 4.0397(0)
c (Å) 18.5865(0) 17.8782(0)

V (Å
3
) 310.15(6) 291.76(0)

La B (Å
2
) 0.33(5) 0.42(4)

Fe B (Å
2
) 0.57(4) 0.52(4)

O(1) B (Å
2
) 0.62(7) 0.58(5)

O(2) B (Å
2
) 1.06(1) 1.14(9)

M B (Å
2
) 0.54(6) 0.54(1)

La2O2Fe2OSe2 [28]. It was suggested that these features
were, at best, weak indications of a lowering of lattice sym-
metry. It has been proposed that the absence of a structural
phase transition is due to the reduction of magnetostruc-
tural coupling in La2O2Fe2O(S, Se)2 caused by structural
disordering [28].

A more detailed study of the local (short-range) structure
of La2O2Fe2O(S, Se)2 was performed in order to determine
whether there is any localized structural arrangement as a
function of temperature; a pulsed neutron scattering study
of the local structure of La2O2Fe2OSe2 was conducted from
which atomic position deviations from radial distribution
function data were extracted [34]. No local structure change
from the low-temperature I/4mmm symmetry was observed
in these experiments consistent with our findings. Both Fuwa
et al. [30] and Free and Evans [28] suggested that the absence
of structural phase transitions might be due to the lack of mag-
netostriction or magnetoelastic coupling in La2O2Fe2OSe2

[6,35].

B. Magnetic structure: M = S, Se

Upon cooling, we observe extraneous intensity in the
diffraction profiles of M = S and Se which we attributed
to magnetic phase transition behavior. These peaks were as-
signed a magnetic origin on the basis of their temperature de-
pendence and the complete Rietveld refinement of the diffrac-
tion patterns. The Se end member has been well characterized
by Free and Evans [28]. It was argued [28] that the AFM3
model [36] provides the best fit to the magnetic structure of
the Se end member. We used the SARAH suite of programs [37]
to analyze the representations and provide the basis vectors
for refinement with FULLPROF [27,38]. The AFM3 model

TABLE II. Interatomic distances and angles of La2O2Fe2O(S, Se)2 at 290 K.

La2O2Fe2OSe2 La2O2Fe2OS2

Length (Å) Bond angle (deg) Length (Å) Bond angle (deg)

dFe-Fe 2.89050(3) Fe-O-Fe (2) 90.00 dFe-Fe 2.85813(0) Fe-O-Fe (2) 90.00
dFe-O2 2.04389(3) Fe-Se-Fe 64.086 dFe-O2 2.02100(0) Fe-S-Fe 64.919
dFe-Se 2.72400(4) Se-Fe-Se 97.237 dFe-S 2.66264(0) S-Fe-S 98.755
dLa-O1 2.38013(3) La-O-La (1) 118.348 dLa-O1 2.33787(0) La-O-La (1) 119.642
dLa-Se 3.31832(4) dLa-S 3.26261(0)
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TABLE III. Atomic positions of La2O2Fe2O(S, Se)2 at 290 K extracted from refined parameters.

La2O2Fe2OSe2 La2O2Fe2OS2

Atom Site x y z Atom Site x y z

La 4e 0.5000 0.5000 0.1842 La 4e 0.5000 0.5000 0.18084
Fe 4c 0.5000 0.0000 0.0000 Fe 4c 0.5000 0.0000 0.0000
Se 4e 0.0000 0.0000 0.0963 S 4c 0.0000 0.0000 0.0934
O1 4d 0.5000 0.0000 0.2500 O1 4d 0.5000 0.0000 0.2500
O2 2b 0.5000 0.5000 0.0000 O2 2b 0.5000 0.5000 0.0000

may be written as Fe{1/2, 0, 0}�2ψ1 + Fe{1/2, 0, 0}�3ψ2,
the irreducible representations being labeled with the scheme
of Kovalev [39] and the basis vectors that of Sarah [37]. �2ψ1

and �3ψ2 generate the same geometric ordering scheme on the
two independent sites; during refinement, the standard Fe2+

magnetic form factor is assumed, and the additional constraint
is applied that both independent sites possess the same size
ordered magnetic moment.

We initially verified the AFM3 model [36] also gives
the best fit to the magnetic structure of our data from the
La2O2Fe2OSe2 compound. In close similarity to what was
described previously for M = Se, our analysis of the magnetic
structure of the M = S compound reveals that the magnetic
cell of M = S is commensurate and is doubled in a and
c with respect to the structural cell. The magnetic ordering
in La2O2Fe2OS2 is associated with an ordering vector k =
(1/2, 0, 1/2), and the single Fe site on {1/2, 0, 0} in the
nuclear I4/mmm cell is described by two distinct orbits gov-
erning the two {1/2, 0, 0} and {0, 1/2, 0} Fe sites that are in-
dependent in the magnetically ordered state. In Fig. 4 the low
angle region of the powder diffractograms of La2O2Fe2OS2

is shown at 290 K [panel (a)] and 4 K [panel (b)]. The
data (Observed) are presented in order to show magnetic
Bragg peaks QM = (000), (−101), (002), and (−103) (blue
label) that develop at low temperatures in addition to the
structural Bragg peaks are present (red) for both high and low
temperatures. In addition to the data, the Rietveld refinement
fits (Calculated) are shown in both temperature regions.

There are two independent Fe sites for both
La2O2Fe2O(S, Se)2. By performing a full Rietveld refinement
and analysis of the neutron powder diffraction data, the
ordered Fe2+ moment of La2O2Fe2OS2 was determined to be
2.32(4)μB at 4 K. For La2O2Fe2OSe2 a range of values from
2.8 to 3.50(5)μB has been reported [40]. Thus the magnetic
ground state of both compounds is composed of the Fe ions in
a high spin, noncollinear antiferromagnetically ordered state.

In order to discuss the magnetic structure results obtained
for La2O2Fe2O(S, Se)2 from our analysis, we summarize the
most prominent description of the spin interactions considered
for these materials. Several spin interaction labeling con-
ventions can be found in the literature on La2O2Fe2OSe2;
Table IV lists them. We adopt the convention used in
Refs. [8,28,40]. The spin Hamiltonian for La2O2Fe2O(S, Se)2

has been modeled by Zhu et al. [8] using three interactions
J1, J2, and J ′

2. J1 has several contributions: (a) a face-
sharing 64◦ interaction between Fe-Se-Fe, (b) an Fe-O-Fe
90◦ interaction, and (c) possibly an iron nearest-neighbor

(NN) contribution. J2 is a next-nearest-neighbor (NNN) in-
teraction that consists of a 98◦ edge-sharing term involving
Fe-Se-Fe contributions from two buckled Se atoms. J ′

2 is
a NN, 180◦ Fe-O-Fe interaction between the corner-sharing
octahedra. Figure 5 provides a schematic description of these
interactions.

FIG. 4. Refined fits (Calculated) of neutron powder diffraction
data (Observed) at low angle for La2O2Fe2OS2 is shown for (a)
290 K and (b) 4 K. Red (blue) labels indicate the (HKL) indices
of the nuclear (magnetic) Bragg diffraction peaks. The difference
(purple) is Observed − Calculated.
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TABLE IV. Magnetic interaction naming conventions. Note: The (next-) nearest-neighbor interactions are (N) NN.

Interaction Description Geometry Refs. [8,28,40]a Refs. [19,22,33]

NNN Fe-O-Fe 180◦ J ′
2 J1

NN TM-TM In-plane J1 J3

NNN TM-M-TM ∼90◦ J2 J2

aThis work.

Using the interaction (J1, J2, J
′
2) labeling, Zhu et al. em-

ployed a generalized gradient approximation + Coulomb
energy U calculation [8] and determined that the magnetic
ground state of La2O2Fe2OSe2 should obtain either the AFM1
or the AFM6 (cf. Fig. 6 in Ref. [28]) configuration depend-
ing on the value of U . By contrast, Free and Evans [28]
reported that elastic neutron-scattering results indicated that
the magnetic moments of La2O2Fe2OSe2 should order in
the AFM3 [see Fig. 6(a)] frustrated, collinear configuration
similar to Fe1.086Te. At variance with this finding, McCabe
et al. concluded that inelastic neutron scattering (INS) results
on La2O2Fe2OSe2 are consistent with a multicomponent,
noncollinear 2-k magnetic structure shown in Fig. 6(b). The
2-k structure is made up of two orthogonal stripes within
the Fe2OM2 layers. While the AFM3 configuration provided
good fits to our M = S and Se neutron diffraction data,
as noted by Ref. [40], neutron powder diffraction cannot
distinguish between the various AFM models that have been
proposed for La2O2Fe2OSe2. Therefore the consistency be-
tween INS data and the 2-k magnetic structure offer insight to
understanding the magnetic structures of La2O2Fe2O(S, Se)2

given that the production of single crystals is difficult. In
addition to neutron scattering experiments, nuclear magnetic
resonance (NMR) measurements by Gunther et al. [41] and
Ref. [42] were interpreted to suggest that the 2-k model is the
appropriate description of the M = Se.

Magnetic frustration has been addressed in La2O2Fe2OSe2

and other iron oxychalcogenides. Some amount of frustration
in La2O2Fe2O(S, Se)2 is to be expected given that there
are FM (J2) and AFM (J ′

2) interactions associated with the

FIG. 5. Spin interactions J1, J2, and J ′
2 used in modeling the

magnetic behavior of La2O2Fe2O(S, Se)2. These are the principle
spin interactions contained in the Fe2O(S, Se)2 layer. The details
regarding each exchange constant are given within the text.

FeOM2 layer. These competing interactions, in addition to
magnetocrystalline anisotropy, create a frustrated spin envi-
ronment in which the FeOM2 layer has three principal com-
peting magnetic interactions J1, J2, and J ′

2 [33]. In contrast
to the AFM3 collinear frustrated model of Ref. [28], McCabe
et al. suggested the 2-k La2O2Fe2OSe2 structure to be weakly
frustrated due to the magnetic configuration being collectively
stabilized by the AFM J ′

2 and FM J2 interactions as well as
the magnetocrystalline anisotropy. Those authors reported that
both the magnetic frustration and the exchange coupling are
weak in La2O2Fe2OSe2 compared to other iron oxychalco-
genides. The variance in these reports suggests that the extent
of magnetic frustration in La2O2Fe2OS2 and La2O2Fe2OSe2

is not fully understood; however, it is still possible to compare
the magnetic frustration of M = S and Se. As seen above,
our structural refinements yield a smaller bond angle Fe-M-
Fe in M = S than for M = Se. This is an indication that
the M = S NNN distances are smaller and, therefore, have
increased magnetic exchange interaction. In addition, the NN
exchange of M = S is increased relative to that of M = Se.
It has been proposed [30] that the NNN AFM interaction J ′

2
in iron oxychalcogenides such as Nd2O2Fe2OSe2 is due to
the Goodenough-Kanamori rule [43]. This reasoning might
explain the difference in Néel temperatures observed for
M = S and M = Se.

Several spin Hamiltonians have been introduced in order
to address the magnetic behavior of materials thought to be
within strong-coupling limit, e.g., iron oxychalcogenides and
iron alkaline selenides A0.8Fe1.6Se2 → A2Fe4Se5 (referred
to as “245s” where A = Rb, Cs, K, and Tl) [44–47]. Un-
like the FePn, the increased electron correlation of the iron
chalcogenides and iron alkaline selenides leads to narrower
iron bandwidths. Consequently, despite the absolute value of
the Hunds coupling being similar to that of the pnictides
(JH ∼ 0.7 eV), its role is more pronounced, resulting in a
larger spin S = 2. Importantly, INS experiments [40] have
yielded S = 2 for La2O2Fe2OSe2 and Rb0.8Fe1.5S2 [48].

Finally, the absence of La2O2Fe2O(S, Se)2 structural phase
transitions can be compared to the FePn compounds, which
actually undergo a structural phase transition from tetragonal
to orthorhombic symmetry at a structural transition temper-
ature TS . In the case of FePn, a structural phase transition
is either concomitant with or immediately prior to an AFM
phase transition. The presence of ferro-orbital ordering of
the dxz,yz states is intimately linked to the FePn structural
phase transitions. Furthermore, FePn ferro-orbital ordering is
associated with magnetic phase changes by virtue of spin-
orbit coupling and Coulomb interaction [35]. By contrast,
the absence of ferro-orbital ordering in La2O2Fe2O(S, Se)2

may be due to the apparent nondegeneracy of the dxz,yz

orbitals [12].
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FIG. 6. The (a) collinear AFM3 and (b) noncollinear 2-k magnetic structure models for La2O2Fe2OSe2.

C. Magnetic order parameter critical behavior

To determine the thermal dependence of the magnetic
ordering behavior of M = (S, Se), the intensity of the magnetic
Bragg peak Qm = (−103) was measured over a temperature
range of 300 K to 4 K in each material. The results for both
La2O2Fe2O(S, Se)2 compounds are plotted in Fig. 7. The
peak intensity can be used as a measure of the magnetic order
parameter squared, φ2. La2O2Fe2O(S, Se)2 peak intensity
data was fitted to the power-law functional form φ2(T/TN ) =
(1 − T/TN )2βFe [49]. βFe, the critical exponent, and TN , the
Néel temperature, served as adjustable fit parameters. Fits
were applied over the temperature range 0.05 � T/TN � 1
and yielded values for βFe and TN of 0.129 ± 0.006 and
90.10 ± 0.16 K for M = Se and 0.133 ± 0.007 and 107.20 ±
0.06 K in the case of M = S. The Néel transition temperatures
from this analysis are consistent with those obtained from
magnetic susceptibility measurements we discussed earlier. In

2000

1500

1000

500

0

 C
ou

nt
s

25020015010050

Temperature [K]

PMAFM

La2O2Fe2OS2
La2O2Fe2OSe2

M = S: TN = 107.2 ± 0.006 K
M = Se: TN = 90.1 ± 0.16 K

FIG. 7. The magnetic order parameter is shown at the (1, 0, 3)
magnetic Bragg reflection. The peak intensity measured at Q = (1,
0, 3), plotted for both La2O2Fe2O(S, Se)2, is used as a measure of
the magnetic order parameter φ2.

addition, the exponents βFe extracted here are close to those
reported for M = Se in Ref. [28]. Furthermore, the βFe for
both M = S and Se are close to the Ising critical exponent
βIsing value of 1/8. This result indicates that the magnetic
phase transitions in La2O2Fe2OS2 and La2O2Fe2OSe2 may
be weakly first order in agreement with results obtained using
Mössbauer spectroscopy [42].

These critical exponent values also suggest that there
are 2D Ising-like spin fluctuations near the critical point.
The similarity of the critical exponents is further indication
that the magnetic phases of La2O2Fe2OS2 and La2O2Fe2OSe2

arise from similar magnetic interaction geometries.

IV. CONCLUSIONS

We have presented a comparison of the structural and mag-
netic properties of the homologs La2O2Fe2O(S, Se)2 based
on susceptibility and neutron powder diffraction data. Our
motivation was to present a comparison of the structural
and magnetic details of M = S and Se as there had been
no previously published, explicit comparison of these com-
pounds. Neutron powder diffraction indicates that the nuclear
structures of La2O2Fe2O(S, Se)2 are similar to the structural
character found in other oxychalcogenides with the main
distinction being the difference in lattice size based on the
atomic radii of the two chalcogens. Nuclear Bragg diffrac-
tion data indicates that the FeO2Se4 and FeO2S4 octahedra
have different sizes; this produces different magnitudes of
distortion within the octahedra. This distortion is expected
to be related to the presence of the relatively high extent of
electron correlation compared to the FePn. In addition, the
distorted octahedra can diminish magnetoelastic coupling by
precluding orbital ordering that is necessary to establish a
link between the magnetic phase transition and a structural
phase transformation [33]. We did not observe structural
phase transitions in either of these materials. Nor did we
see evidence of a nematic phase similar to that which exists
in the FePn compounds. However, observing only a mag-
netic phase transition from the high-temperature paramagnetic
phase to a lower temperature AF phase, we used group
theory and magnetic refinement methods to determine the

024109-7



B. FREELON et al. PHYSICAL REVIEW B 99, 024109 (2019)

magnetic structure of these materials. The magnetic structure
of La2O2Fe2O(S, Se)2 was determined to be consistent with
a noncollinear 2-k configuration up to the basic limitations
imposed by the use of powder samples. 2D Ising symmetry
was determined for both La2O2Fe2O(S, Se)2. We discussed
models of frustrated magnetism and their relevance to metallic
and insulating behavior iron oxychalcogenides.
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