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Sb-5s lone pair dynamics and collinear magnetic ordering in Ba2FeSbSe5
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Neutron diffraction and x-ray pair distribution function experiments were performed to investigate the mag-
netic and local crystal structures of Ba2FeSbSe5 and to compare them with the average (i.e., long range) structural
model previously obtained by single-crystal x-ray diffraction. Changes in the local crystal structure (i.e., in the
second coordination sphere) are observed upon cooling from 295 to 95 K, resulting in deviations from the average
(i.e., long range) crystal structure. In this paper, we demonstrate that these observations cannot be explained by
local or long-range magnetoelastic effects involving Fe-Fe correlations. Instead, we found that the observed
differences between local and average crystal structure can be explained by Sb-5s lone pair dynamics. We also
find that, below the Néel temperature (TN = 58 K), the two distinct magnetic Fe3+ sites order collinearly, such
that a combination of antiparallel and parallel spin arrangements along the b axis results. The nearest-neighbor
arrangement (J1 = 6 Å) is fully antiferromagnetic, while next-nearest-neighbor interactions are ferromagnetic in
nature.
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I. INTRODUCTION

Recently, Wang et al. discovered Ba2FeSbSe5 [1]. Fur-
ther studies of this compound then led to the discovery of
rapid phase changes between an amorphous and a crystalline
phase upon laser irradiation [2], which is of significant inter-
est for phase-change applications. It has been proposed that
the structural distortions around the antimony atoms due to
stereoactive Sb-5s lone pairs play an important role in un-
derstanding the interaction of the sample surface with pulsed
laser light. These findings sparked interest in studying these
structural distortions in more detail. In this context, this pa-
per focuses on two aspects: magnetoelastic effects and Sb-5s
lone pair stereoactivity. Figure 1 shows the crystal structure
of Ba2FeSbSe5, including the connectivity of the SbSe6 and
FeSe4 polyhedrons, as well as the stereoactivity of the Sb-5s
lone pairs in Figs. 1(c) and 1(d). A second aspect of this
paper focuses on the magnetic structure of Ba2FeSbSe5 to
rule out magnetoelastic effects involving changes in the Fe-
Fe distances at 95 K and to lay the foundation for a better
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understanding of the previously observed phonon-mediated
coupling between magnetic spins and electric dipoles at the
Néel temperature (58 K) [3], which is of significant interest
for magnetodielectric technologies such as spin-charge trans-
ducers. The potential of Ba2FeSbSe5 as a magnetodielectric
material, the diverse connectivity of the FeSe4 tetrahedrons
and SbSe6 octahedrons (cf. Fig. 1), and different Fe-Fe dis-
tances also promise interesting arrangements and a complex
magnetic coupling of the iron spins. Hence, neutron diffrac-
tion and x-ray pair distribution function (XPDF) experiments
were carried out to gain a deeper understanding of the struc-
tural distortions in Ba2FeSbSe5, which helps understanding
the observed phase-change and magnetodielectric properties
of this remarkable semiconductor.

II. EXPERIMENTS

A. Heat capacity measurements

Heat capacity measurements were carried out in a Physical
Properties Measurements System (PPMS, Quantum Design)
by using a relaxation method with a 2τ analysis [4].

B. XPDF: experiments and data analysis

All experiments were conducted at the I15-1 XPDF beam-
line at the Diamond Light Source (Didcot, UK) using a
focused x-ray beam (20 μm in size) with a wavelength
of 0.16 Å. Two-dimensional x-ray scattering datasets were
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FIG. 1. (a) Crystal structure of Ba2FeSbSe5 (the unit cell is
shown in Fig. S1 in the Supplemental Material [10]); (b) local
Ba environment; (c) and (d) show differently connected chainlike
fragments within the Fe-Sb-Se network; (d) also shows the local
distortions of the SbSe6 octahedrons due to stereoactive lone pairs.
Sb: green, Fe: brown, Se: light green, Ba: red.

recorded up to a momentum transfer of 36 Å–1. Densely
packed, 0.7-mm borosilicate capillaries were prepared before
data collection. The capillaries were placed horizontally on
a 10 Hz capillary spinner, and all samples were constantly
rotated during data collection.

The beamline is equipped with a Bent-Laue monochro-
mator (700 μm horizontal focusing), a multilayer mirror (20
μm vertical focusing), and a Perkin Elmer XRD1611 CP3
area detector with an active area of 409.6 × 409.6 mm2. Data
were collected at 295 and 95 K to increase the resolution by
minimizing thermal vibrations. Low-temperature experiments
were performed using a Cryojet operating with liquid nitro-
gen. The DAWN [5,6] software was used for data processing,
and PDFget X3 [7] was used to convert one-dimensional (1D)
x-ray powder diffraction data to atomic pair distribution func-
tions (PDFs). PDFfit2 was used to fit the experimental PDFs,
and PDFgui was used as a graphical user interface [8]. LaB6

was used to extract the Qdamp and Qbroad parameters used for
all subsequent refinements. All refinements were performed
refining the scale factor, lattice parameters, delta1 [accounts
for the correlated motion of atoms at low r, which sharpens
the first peak(s) at low r], thermal displacement parameters,
and atomic positions. The thermal displacement parameters
were constrained in a way so that U11 = U22 = U33, and all U
of the same atom type were assumed to be identical. Simulta-
neous fits of the PDF data and the reduced structure function
[F(Q)] using large box models was done using the reverse
Monte Carlo (RMC) method implemented in the RMCProfile
software package [9]. Starting configurations were generated
using Rietveld refinements from this paper at the correspond-
ing temperatures. Supercells with lattice parameters of 7a ×
7b × 7c consisting of 12 348 atoms were generated and fit
using distance window constraints generated by analyzing
structures from Rietveld refinements. Data were fit using a 1%
tolerance on distance windows for interatomic distances for

FIG. 2. Calculated (red) and experimental (blue) pair distribution
functions (PDFs) with the corresponding difference plot (green) of
crystalline Ba2FeSbSe5 at (a) 295 K and (b) 95 K; (c) and (d)
show the low r range of the PDFs illustrating the changes in the
local crystal structure upon cooling (cf. black arrows). All fits are
based on a structural model, which represents the average (i.e., long
range) atomic structure previously obtained from single-crystal x-ray
diffraction experiments (cf. Ref. [1]).

24 h, followed by a 50% tolerance for 36 h. Simulations were
run for 24 h, and all distance windows for all pair correlations
were removed except for Fe-Se (1.15–2.55 Å) and Sb-Se
(2.45–9 Å), allowing them to fit the full breadth of low-r pair
correlations but preventing overfitting. Finally, data were fit
within five runs (see Table S2 in the Supplemental Material
[10]) with no constraints or restraints to ensure persistence of
the final configuration.

C. Neutron powder diffraction

Temperature-dependent neutron powder diffraction (NPD)
experiments were performed on the G4.1 beamline (CEA-
Saclay, France, λ = 2.426 Å) within a temperature range of
1.5–300 K. Symmetry analysis and Rietveld refinements were
performed using the FullProf Suite [11]. The former was
carried out using the Bilbao Crystallographic Server [12,13].

III. RESULTS AND DISCUSSION

A. Signature of Sb-5s lone pair dynamics in the XPDF

XPDF data were recorded at the I15-1 XPDF beamline at
the Diamond Light Source (Didcot, UK). Two datasets were
recorded at 295 and 95 K (which is the lowest reachable
temperature with this experimental setup) to increase the res-
olution by minimizing thermal vibrations. Figure 2 shows the
experimental PDFs with the corresponding fits based on the
structural model (space group: Pnma) of the average (i.e., long
range) crystal structure obtained from single-crystal diffrac-
tion experiments performed by Wang et al. [1].

In general, the calculated and experimental PDFs agree
quite well. A closer inspection of the low r range (i.e., from
2 to 7 Å), however, revealed clear misfits and changes in the
atomic correlations between 3.8 and 5.6 Å upon cooling [cf.
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Figs. 2(c) and 2(d)]. More specifically, we observe a peak
splitting at approximately 4 Å and the sharpening of features
at 5.3 and 5.6 Å. These features are not well described by the
small box model (space group: Pnma) based on the average
structural model obtained by Wang et al. [1].

With this paper, we demonstrate that these observations are
signatures of Sb-5s lone pair dynamics. A detailed discussion
in the Supplemental Material [10] will help convince the
critical reader that these observations are not a result of mea-
surement artifacts such as the termination of the diffraction
data at finite momentum transfer (i.e., Qmax = 36 Å–1) [14].
It has previously been shown [2] that a stereoactive lone pair
electron density is localized at the Sb atoms, which results in
a distorted octahedral arrangement of the Se atoms surround-
ing Sb [cf. Fig. 1(d)]. In the following, we will demonstrate
that the peak splitting at r ≈ 4 Å [cf. Fig. 1(d)] is a clear
signature of this Sb-5s lone pair effect involving Sb-Se and
Se-Se correlations. At 295 K, these are not as pronounced.
There can be two reasons for this: (a) the resolution is not
high enough to resolve the subtle differences in the Sb-Se and
Se-Se correlations at 295 K due to thermal broadening, or (b)
the SbSe6 locally appear undistorted (i.e., the Sb-5s lone pairs
are rather spherical) due to thermal vibrations of the atoms
and can therefore not be resolved. In the following, we will
demonstrate that the differences we observe in our PDF data
between local and average (i.e., long range) crystal structure
involve Sb-5s lone pair dynamics. To remove any ambiguity
from the interpretation of our observations, it is required to
rule out any magnetoelastic effects related to the iron spins,
which is done in the next section.

B. Ruling out magnetoelastic effects due to local magnetic
pre-ordering of the Fe spins

We previously found a coupling between phonons, mag-
netic spins, and electric dipoles at the Néel temperature (cf.
Ref [3]), which is equivalent to magnetoelastic effects since
electric dipoles can only form when the atoms are moving
out of their equilibrium position, which happens at the same
time as the magnetic spins are ordering. It is therefore nec-
essary to rule out any magnetoelastic effects (i.e., changes
in Fe-Fe distances due to short-range magnetic pre-ordering
of the iron spins) at 95 K. It is important to keep in mind
that macroscopic properties such as heat capacity (cp) and
magnetic susceptibility (χ ) will only be influenced signifi-
cantly by long-range magnetoelastic effects. This can be seen
from Fig. 3, which shows the heat capacity (cp) and magnetic
susceptibility (χ ) as a function of temperature (a zero-field
cooled vs field cooled comparison for χ (T ) can be found in
the Supplemental Material [10]). The χ (T ) and cp(T ) curves
show only one transition at the Néel temperature (TN = 58 K),
which is consistent with previous reports on the magnetic
properties of Ba2FeSbSe5 [1,3]. Hence, from a macroscopic
point of view, there are no long-range magnetoelastic effects
occurring between 295 and 95 K, which would cause changes
in χ and cp due to long-range magnetic ordering.

There is, however, the possibility of local magnetic pre-
ordering (accompanied by a slight change in the Fe-Fe
distances) or Se-mediated magnetic super exchange between
the Fe atoms. Both scenarios do not result in long-range

FIG. 3. (a) Magnetic susceptibility χ (T ) of Ba2FeSbSe5 as a
function of temperature and (b) top channel: heat capacity (cp) and
bottom channel: dcp/dT showing only one transition corresponding
to long-range magnetic ordering in crystalline Ba2FeSbSe5 below
TN . Hence, no long-range magnetoelastic effects can be observed
between 300 and 95 K. The magnetic moment obtained from (a) is
6.8 μB.

magnetic ordering and could be missed by only looking at
macroscopic properties such as magnetic susceptibility and
the heat capacity. To rule out local magnetoelastic effects in-
volving changes in the Fe-Fe distances at 95 K, we compared
structural models obtained from neutron diffraction and PDF
data. It is important to note that we compare the average (i.e.,
long range) crystal structure (i.e., only the nuclear part in the
fully ordered state) obtained from neutron diffraction and PDF
data. Before doing so, it is necessary to obtain a model of
the long-range ordered nuclear and magnetic structure from
neutron diffraction data.

NPD experiments were carried out between 1.5 and 300 K.
Figure 4(a) shows the temperature evolution of the NPD pat-
terns, which confirms the long-range magnetic ordering below
58 K, manifesting itself in the appearance of additional Bragg
reflections. The temperature evolution of the lattice param-
eters can be found in Fig. S3 in the Supplemental Material
[10].

All the magnetic Bragg reflections can be indexed with
the commensurate propagation vector k = ( 1

2 0 1
2 ), as can

be seen from Fig. 4(c). To constrain the number of solutions
for the magnetic model, a symmetry analysis was carried out
for the Fe Wyckoff site 4e. There are eight irreducible repre-
sentations with one dimension, each containing either 1 or 2
basis vectors. The best agreement between experimental data
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FIG. 4. (a) Neutron powder diffraction (NPD) patterns as a
function of temperature showing magnetic reflections appearing be-
low TN ; (b) magnetic moment (constrained) of Fe as a function
of temperature; (c) Rietveld refinement (Rwp = 4.58%, background
corrected Rwp = 9.93%, magnetic R = 7.59%) of the diffraction pat-
tern recorded at 1.5 K including the crystal and magnetic model;
experimental data: open red circles; calculated profile: black contin-
uous line; allowed Bragg reflections of the crystal (i.e., nuclear) and
magnetic structure: green and orange vertical marks, respectively.
The difference between the experimental and calculated profiles is
displayed at the bottom of the graph as a blue continuous line. Please
note that the neutron diffraction profiles of the crystal structure are
based on a structural model describing the average (i.e., long range)
atomic arrangement, which makes them comparable with the pair
distribution function (PDF) model (cf. Fig. 5).

and our model is obtained for the �4 and �8 representations,
whose basis vectors are summarized in Table I.

Both irreducible representations result in the Shubnikov
group Pa21/m (#11.55), which has two independent, magnetic
Fe sites within this magnetic symmetry. Only one magnetic
component my can be refined independently. However, a mag-
netic model where only one out of two Fe sites is magnetically
ordered results in a magnetic moment that is slightly too high
(∼5.8 μB) for an Fe3+ state with S = 5

2 (expected 5 μB) and is

unphysical. Thus, the magnetic moment of both iron sites was
constrained to be the same since they are crystallographically
identical. For data recorded at 1.5 K, the Rietveld refinement
yields my = 4.13 (4) μB, which is close to the expected value
of 5 μB for an Fe3+ state with S = 5

2 and to the experimental
moment of 5.3 μB found by Wang et al. [1]. The tempera-
ture evolution of the refined magnetic moment is depicted in
Fig. 4(b). The magnetic moment obtained from our magnetic
susceptibility data (cf. Fig. 3 and Fig. S4 in the Supplemental
Material [10]) is slightly higher (i.e., 6.8 μB). A more detailed
discussion concerning this point can be found in the Sup-
plemental Material [10]. The model we obtain is a collinear
magnetic structure with magnetic moments pointing along
the b axis of the crystal structure (cf. Fig. 5). The magnetic
structure can be visualized as two distorted triangular Fe3+

ladders running along the a and b axes [cf. Fig. 5(a)] with Fe-
Fe distances ranging from 6.0 to 9.1 Å. Within the triangular
ladders along the b axis, the nearest-neighbor arrangement
(J1 at a distance of 6.0 Å) can be understood as a zig-zag
antiferromagnetic pattern [cf. gray, dotted line in Fig. 5(a)],
whereas J3 and J4 correspond to ferromagnetic interactions
[cf. thin green line in Fig. 5(a)]. The ladders running along
the a axis can be described as two antiferromagnetic chains (J2

at distance of 6.5 Å), which have an up-up-down-down spin
structure resulting in geometrical frustration. Ba2FeSbSe5

shows antiferromagnetic ordering (� = −133 (2) K) and a
rather high transition temperature (TN = 58 K), despite the
rather large Fe-Fe distances (>6.0 Å). Similar spin arrange-
ments were observed in antiperovskite chalcohalides such as
Ba3(FeS4)Br, which also consists of FeS4

5– tetrahedrons [15].
In this case, the shortest Fe-Fe distances are 6.2 Å, i.e., like
those found in Ba2FeSbSe5, and yet a clear antiferromagnetic
spin arrangement has also been observed for Ba3(FeS4)Br.

The magnetic interaction between the Fe atoms was ra-
tionalized by a Fe-S-S-Fe super exchange with a strong
hybridization between the Fe d orbitals and the S p orbitals.
The J1 interaction in Ba2FeSbSe5 can be explained in an
analog way by a Fe-Se-Se-Fe super exchange, which will be
discussed further in the next section.

After establishing the model for the magnetic structure of
Ba2FeSbSe5 at 1.5 K, we now compare the nuclear part with
the local crystal structure obtained from our PDF data. The
main focus lies on the Fe-Fe correlations to draw conclu-
sions with respect to a local magnetoelastic coupling within
the triangular framework involving a displacement of the Fe
atoms, as it has been reported for AgCrS2, CuMnO2, CuCrO2,
and NaMnO2 [16–18]. From Table S1 in the Supplemental
Material [10] and from Figs. 5(c) and 5(d), it is clear that the
local Fe-Fe correlations do not change upon cooling (slight

TABLE I. Irreducible representations (�4 and �8) for the 4e Fe site in the space group Pnma with k = ( 1
2 , 0, 1

2 ).

Irreducible −x + 1
2 , −y + 1, −x + 1, y + 1

2 , x + 1
2 , −y + 1

2 ,
representations x, y, z z + 1

2 −z + 1 −z + 1
2

Re 0 1 0 0 0 0 0 −1 0 0 0 0
�4 Im 0 0 0 0 1 0 0 0 0 0 −1 0

Re 0 1 0 0 0 0 0 −1 0 0 0 0
�8 Im 0 0 0 0 −1 0 0 0 0 0 1 0
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FIG. 5. Projections of the magnetic structure of Ba2FeSbSe5 in
the (a) a-b plane and (b) in the a-c plane based on the refinement
shown in Fig. 4. Two independent, magnetic Fe3+ sites—orange
(Fe1) and pink (Fe2)—are distinguished in each projection. Fe-Fe
distances in the triangular ladders are indicated; (c) and (d) Calcu-
lated (red) and experimental (blue) pair distribution functions (PDFs)
showing the r range of the Fe-Fe correlations at 295 and 95 K,
respectively. No misfits or changes in these correlations is visible,
i.e., there are no differences between this part of the local and average
crystal structure unlike those found for the Se-Se correlations de-
picted in Fig. 6. Please note that both the calculated PDF and neutron
diffraction profiles of the atomic structure are based on a structural
model describing the average (i.e., long range) atomic arrangement,
which makes them comparable. The interatomic distances shown
in (a) and (b) were extracted from our neutron powder diffraction
(NPD) model obtained at 1.5 K (cf. Fig. 4 and Table S1 in the
Supplemental Material [10]), while those depicted in (b) correspond
to the PDF peak positions (i.e., the pairwise correlations). Slight
differences in these interatomic distances are natural due to thermal
expansion (cf. Table S1 in the Supplemental Material [10]).

changes due to thermal expansion are natural), and the aver-
age structural model describes these correlations well. Hence,
both local and long-range magnetoelastic effects connected
to changes in the Fe-Fe correlations cannot be observed by
the experimental methods employed here. They can therefore
be ruled out as being the origin of the observed differences
between local and average (i.e., long range) crystal structure
in the PDF data. Se-mediated Fe-Se-Se-Fe super exchange
between the Fe atoms, however, cannot be ruled out, which
is discussed in the next section.

C. Sb-5s lone pair dynamics vs Se-mediated magnetic super
exchange

There is a series of studies which contributed to the
understanding of local cation off-centering in inorganic or hy-
brid organic-inorganic solids [19–29]. All these publications
demonstrated how powerful XPDF analyses and experiments
are when investigating differences between average (i.e., long
range) and local crystal structure. In this section, we discuss
the observed peak splitting at approximately 4 Å and the
sharpening of PDF features at 5.3 and 5.6 Å upon cooling
in the context of two phenomena which are difficult (if not

FIG. 6. (a) Local distortions of the SbSe6 octahedrons due to
stereoactive lone pairs (yellow) with the corresponding distances
from the average crystal structure obtained by Wang et al.[1]; (b)
connectivity of the SbSe6 octahedrons and the FeSe4 tetrahedrons.
Calculated (red) and experimental (blue) pair distribution functions
(PDFs) in the r range of the Se-Se correlations at (c) 300 K and (d)
95 K. Misfits between the calculated (i.e., average crystal structure)
and the experimental PDFs (i.e., local crystal structure) as well as
changes in the local crystal structure upon cooling are clearly visible.
Please note that the interatomic distances depicted in (c) and (d)
correspond to the peak position of the pairwise correlations obtained
from the experimental PDF data. Slight differences between these
interatomic distances and the ones shown in (a) are due to thermal
expansion and the use of different experimental methods. However,
the accuracy of all interatomic distances is sufficient to conclude
that Sb-5s lone pair dynamics cause the observed peak splitting at
approximately 4 Å and the sharpening of the PDF features at 5.3
and 5.6 Å. A comparison of all relevant interatomic distances can be
found in Table S1 in the Supplemental Material [10].

impossible) to disentangle in the case of Ba2FeSbSe5: Sb-5s
lone pair dynamics and Se-mediated magnetic super ex-
change. Figures 6(c) and 6(d) show the experimental and
calculated PDFs in the r range of the Sb-Se and Se-Se
correlations (cf. Fig. 7), which surround the asymmetrically
coordinated antimony atoms [cf. Fig. 6(a)]. It is important to
note that the SbSe6 octahedrons are connected to the FeSe4

tetrahedrons via edges and corners [cf. Figs. 6(a) and 6(b)],
i.e., Se-mediated magnetic super exchange as well as lone
pair dynamics must be considered as possible origins of the
observed changes in the local crystal structure of Ba2FeSbSe5.
However, no experimental evidence of such effects was found,
which would be visible as subtle changes in the Fe-Fe cor-
relations resulting in differences between local and average
crystal structure.

RMC simulations were performed to better describe the
experimental PDF data in the area, where the local and av-
erage crystal structure differ and where changes in the PDFs
with temperature are observed. Figures 7(a) and 7(b) show
the improved model of the local crystal structure at 295 and
95 K, also describing the r range of the Sb-Se and Se-Se
pair correlations well (the model for the entire experimen-
tal r range can be found in Fig. S7 in the Supplemental
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FIG. 7. Reverse Monte Carlo (RMC) fits of the experimental
pair distribution function (PDF) data at (a) 295 K and (b) 95 K
with the corresponding Sb-Se and Se-Se pair correlations. The RMC
simulations result in a better description of the experimental data,
which (due to Sb-5s lone pair effects) cannot be well described by
the average structural model in the region of the Sb-Se and Se-Se
correlations; (c) and (d) show subtle changes in the Sb-Se and Se-Se
pair correlations with temperature. This figure provides evidence for
Sb-5s lone pair dynamics being responsible for subtle differences
between average and local crystal structure.

Material [10]). They also include the respective contributions
of the Sb-Se and Se-Se pair correlations, while Figs. 7(c) and
7(d) depict the corresponding changes in Sb-Se and Se-Se
pair correlations with temperature, where thermal broadening
effects (i.e., changes in anisotropic displacement parameters)
must be kept in mind. However, this figure provides strong
evidence for Sb-5s lone pair dynamics being responsible for
subtle differences between average and local crystal structure.

It is important to note that thermal broadening is an effect
affecting all pairwise correlations (e.g., Fe-Fe). However, the
small box model based on the average structural model ob-
tained by Wang et al. only fails to describe the r range of the
Sb-Se and Se-Se pair correlations adequately. This provides
further evidence that what we observe in the XPDF data is

an experimental signature of Sb-5s lone pair dynamics locally
changing the Sb-Se and Se-Se correlations with respect to the
average (i.e., long range) atomic arrangement. Hence, these
findings strongly support the previous proposal that the struc-
tural distortions around the antimony atoms due to dynamic
stereoactive lone pairs may play an important role in under-
standing the interaction of the sample surface with pulsed
laser light [2]. However, further in situ XPDF experiments
during laser irradiation are required to fully understand the
amorphization process of Ba2FeSbSe5 when interacting with
pulsed laser light.

IV. CONCLUSIONS

XPDF experiments revealed differences between average
(i.e., long range) and local crystal structure as well as changes
in the local crystal structure upon cooling from 295 to 95 K,
which is well above TN = 58 K. This paper demonstrates
that these observations can be explained by Sb-5s lone pair
dynamics locally changing the Sb-Se and Se-Se correlations
and that these observations are not caused by local or long-
range magnetoelastic effects involving Fe-Fe correlations. To
rule out these effects, the crystal structure of the magneti-
cally ordered phase was compared with the average crystal
structure of the paramagnetic state (i.e., at 295 K). To make
this comparison, a model of the magnetic structure below
TN (i.e., at 1.5 K) was obtained. The magnetic structure can
be described as two distinct magnetic Fe3+ sites ordering
collinearly, such that a combination of antiparallel and parallel
spin arrangements along the b axis results. The nearest-
neighbor arrangement (J1 = 6 Å) is antiferromagnetic, while
next-nearest-neighbor interactions are ferromagnetic.
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