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ABSTRACT: We report a detailed study of the synthesis, composition, magnetic
structure, and transport properties of a quasi-one-dimensional antiferromagnet
FeBi4S7 that contains chains of edge-sharing FeS6 octahedra. High-resolution
powder X-ray diffraction (PXRD) analysis, aided by variation of synthetic
conditions, suggests that the true formula of the material is Fe1.2Bi3.8S7, due to the
minor substitution of Fe into Bi sites. This finding is in agreement with crystal
structure refinement from neutron powder diffraction data as well as with the small
band gap of 0.23 eV determined from electrical transport measurements. Analysis
of the neutron diffraction pattern collected below the antiferromagnetic ordering
temperature of 64 K revealed ferromagnetic coupling between the Fe moments in
the chains of FeS6 octahedra. The overall ordering, however, is antiferromagnetic due to the antiparallel arrangement of moments on
neighboring chains. The collinear spin arrangement is described by a k-vector (1, 0, 1/2), which indicates doubling of the unit cell in
the c direction and the loss of the C-centering translation as compared to the nuclear cell. The ferromagnetic nature of the sulfide-
bridged chains of Fe2+ ions in FeBi4S7, in contrast to the antiferromagnetic coupling between Fe moments in compounds with similar
structural fragments, can be justified by the analysis of metric parameters that characterize the Fe−S bonding in these materials.

■ INTRODUCTION
Materials with chain-like arrangement of magnetic moments
can exhibit complex spin textures and nontrivial magnetic
excitations,1−3 which render these materials appealing for
application in next-generation spintronic devices.4−7 Chains of
antiferromagnetically (AFM) coupled spins are of special
interest, as the competition between intra- and interchain AFM
coupling generally leads to magnetic frustration and noncol-
linear magnetic ordering that is easily perturbed by external
stimuli, such as applied magnetic or electric fields.8−11 In this
vein, a number of ternary chalcogenides have been shown to
form helimagnetic structures upon AFM ordering.12−18 It is of
interest to explore the evolution of such magnetic structures as
a function of the transition metal and the separation between
the chains.
Compounds MBi4S7 (M = Mn, Fe) have been reported as

chain antiferromagnets with ordering temperatures (TN) of 34
and 67 K, respectively,19 but their magnetic structures remain
unknown. These crystal structures, which form in the low-
symmetry space group C2/m, contain chains of edge-sharing
MS6 octahedra that are connected into the three-dimensional
(3D) network by vertex-sharing their sulfur atoms with BiS6
octahedra and BiS7 distorted monocapped octahedra (Figure
1). Such structural organization is conducive to the formation
of noncollinear spin textures. Indeed, incommensurate
helimagnetic structures were reported for several AFM-ordered
sulfides and selenides TM2X4 (T = Mn, Fe; M = Sb, Bi; X = S,
Se) that contain chains of chalcogenide-bridged 3d metal
ions.12,17,18,20 It is interesting to note, however, that the chains

of edge-sharing MX6 octahedra seen in the MBi4S7 structures
typically are not observed in the structures of other ternary
Mn- or Fe-containing chalcogenides. More common structural
motifs in such compounds are chains of edge- or vertex-sharing
MX4 tetrahedra.

21−24 Among Fe-containing chalcogenides with
quasi-one-dimensional (quasi-1D) structures, the only well-
studied examples containing chains of edge-sharing FeX6
octahedra are FeSb2S4 and FeMo2S4, which exhibit helimag-
netic and collinear AFM structures, respectively.18,25

Given the relative rarity of the chain motif observed in
FeBi4S7, we became interested in exploring how the magnetic
structure of this antiferromagnet might differ from those of the
other quasi-1D iron chalcogenides with similar structural
fragments. Herein, we report a detailed study of the structural,
magnetic, and transport properties of FeBi4S7. We demonstrate
that the true composition of this material is better described by
the formula Fe1.2Bi3.8S7, due to the partial substitution of Fe for
Bi. This nonstoichiometry might explain a substantially lower
band gap determined in our transport measurements as
compared to the previously reported band gap determined
by optical methods. The magnetic structure determination
reveals a collinear AFM structure that features FM alignment
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of Fe magnetic moments along the chains and antiparallel
alignment of moments in adjacent chains. We discuss this
magnetic structure in light of AFM-ordered spin textures
observed in other quasi-1D iron chalcogenides.

■ MATERIALS AND METHODS
Synthesis. Iron powder (99.9%, Millipore Sigma), bismuth

granules (99.997%, Alfa Aesar), and sulfur pieces (99.999%, Alfa
Aesar) were used as the starting materials. The Fe powder was
additionally purified by heating in a flow of hydrogen gas at 773 K for
5 h, after which the product was stored in an argon-filled dry box (the
content of O2 < 0.1 ppm). Mixtures of the constituent elements in the
Fe/Bi/S = (1 + x):4:7 or (1 + x):(4−x):7 ratio (x = 0, 0.1, 0.2), with
the total mass of 0.35 g, were sealed under vacuum (∼10−4 mbar) in
fused silica tubes of 10 mm inner diameter (i.d.), with the length of
each sealed tube being ∼10 cm. The tubes with samples were inserted
vertically in open alumina crucibles (25 mm i.d.) filled with alumina
sand to minimize thermal fluctuations during high-temperature
annealing. The samples were placed in a muffle furnace (Thermo
Scientific), heated to 923 at 50 K/h, and maintained at this
temperature for 5 days, after which they were cooled by air-quenching

to room temperature (r.t.). Importantly, no volatiles were observed in
the upper section of the sample tubes, indicating that the thermal
gradient was minimal. The products were reground, vacuum-sealed in
silica tubes, reannealed at 923 K for 4 days, and air-quenched. The
sample for neutron diffraction was prepared in the same way using the
stoichiometric ratio of elements, and three such batches were
combined to give 1.0 g of the total sample mass.

Powder X-ray Diffraction (PXRD). PXRD was performed at rt
on a Panalytical X’Pert Pro diffractometer equipped with an
X’Celerator detector and a Cu−Kα radiation source (λ = 1.54187
Å). The data were collected in a 2θ range of 10−80° with a step of
0.05° and the total collection time of 1.5 h. The data analysis was
performed with HighScore Plus.26 To obtain accurate structural
parameters and perform Rietveld refinement of PXRD patterns, high-
resolution PXRD measurements were performed at rt on beamline 11-
BM-B (λ = 0.459059 Å) of the Advanced Photon Source (APS)
facility at Argonne National Laboratory. The Rietveld refinement was
performed with GSAS-II.27

Transport Measurements. Electrical resistance was measured on
a powder sample of FeBi4S7 that was pelletized by cold-pressing under
a pressure of 2000 psi and held for ∼2 min. The resulting geometrical
density was not measured. The measurements were performed on a
home-built setup. The current was applied parallel to the flat surface
of the pellet, to which platinum wires were attached by means of
indium contacts. A 4-probe technique was applied, although 5 indium
contacts were used to enable verification of the consistency of results
by probing different contact combinations. The DC was applied by
means of a Keithley 2400 source meter, while an HP 34401A
multimeter was used to measure the voltage. The current bias was
chosen and verified to be in the linear region of the I−V curves. The
temperature was controlled by a 3He cryostat (Oxford Cryosystems).

X-ray Absorption Spectroscopy. Fe K-edge X-ray absorption
near-edge spectra (XANES) were collected on samples of FeBi4S7 and
reference systems of Fe foil and Fe2O3 powder using the second
harmonic of the Helios-II type undulator at the ID12 beamline
(ESRF, The European Synchrotron, Grenoble). All data were
recorded at rt using the fluorescence yield detection mode. To
eliminate X-ray diffraction peaks from the spectra recorded on
FeBi4S7, we exploited an energy-resolved detector by selecting only Fe
Kα emission lines. The XANES spectra were normalized using
standard procedures and were not corrected for the reabsorption
effect.

Neutron Powder Diffraction (NPD). NPD was performed on
the time-of-flight neutron diffractometer POWGEN (BL-11A) at the
Spallation Neutron Source (SNS) of Oak Ridge National Laboratory
(ORNL). Neutron diffraction data were acquired using an incident
neutron bandwidth centered at 2.665 and 1.5 Å, at 150 and 7 K. A
POWGEN automatic changer (PAC) was used as the sample
environment. The powder sample was loaded in a standard vanadium
PAC can with a 6 mm diameter and backfilled with helium exchange
gas to ensure thermal contact with the PAC temperature stage.
Rietveld refinement of the collected data was carried out using
FullProf.28 An analysis of symmetry-allowed magnetic models was
performed using SARAh representational analysis software29 and the
MAXMAGN at the Bilbao Crystallographic Server.30

Figure 1. (a) Crystal structure of FeBi4S7 viewed approximately down
the b axis and showing the chains of edge-sharing FeS6 octahedra
(garnet) connected into the three-dimensional framework by BiS6
octahedra (teal) and BiS7 distorted monocapped octahedra (purple).
The unit cell is shown with lime-green lines. (b) Side view of a single
chain of edge-sharing FeS6 octahedra.

Table 1. Unit Cell Parameters and the Refined Composition of the Major “FeBi4S7” Phase Observed in the High-Resolution
PXRD Patterns of the Fe1+xBi4S7 and Fe1+xBi4−xS7 Samples

nominal composition refined composition a (Å) b (Å) c (Å) β (deg) V (Å3) Bi2S3 byproduct (%)

FeBi4S7 (lit.)
19 n/a 12.762 3.964 11.804 104.422 578.33

FeBi4S7 FeBi4S7 12.7211(2) 3.9504(5) 11.7946(5) 104.37(4) 574.19(5) 23a

Fe1.2Bi4S7 Fe1.15Bi3.85S7 12.7572(3) 3.9616(4) 11.8008(2) 104.48(1) 577.459(2) 22
Fe1.1Bi4S7 Fe1.11Bi3.89S7 12.7592(9) 3.9627(5) 11.7989(8) 104.41(3) 577.808(1) 11
Fe1.1Bi3.9S7 Fe1.11Bi3.89S7 12.7575(5) 3.9624(4) 11.7990(8) 104.41(3) 577.682(3) 12
Fe1.2Bi3.8S7 Fe1.22Bi3.78S7 12.7543(4) 3.9613(4) 11.8021(9) 104.43(5) 577.481(1) 0

aThis sample was refined from high-resolution neutron powder diffraction data collected at 150 K (see Table S2).

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c00249
Chem. Mater. 2024, 36, 3417−3423

3418

https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00249?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00249?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00249?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00249?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00249/suppl_file/cm4c00249_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Magnetic Measurements. Magnetic measurements were per-
formed on a Magnetic Property Measurement System MPMS-3
(Quantum Design) equipped with a superconducting quantum
interference device (SQUID). The direct-current (DC) magnetization
was measured in the field-cooled regime within the temperature range
of 5−300 K, under a variable applied magnetic field. Magnetization
isotherms were collected at 6 K, 150 K, and 300 K, with the magnetic
field varying from 0 to 70 kOe.

■ RESULTS AND DISCUSSION
Synthesis and Crystal Structure. Initially, we synthesized

FeBi4S7 from a mixture of constituent elements containing a
slight excess of iron, which was found to be necessary to
suppress the formation of Bi2S3 byproduct in favor of the target
ternary phase. Interestingly, however, we observed a decrease
in the fraction of the Bi2S3 impurity with increasing Fe excess,
which prompted us to explore more carefully the best
conditions to achieve a pure phase. To that end, we prepared
samples with nominal compositions of Fe1+xBi4S7 and
Fe1+xBi4−xS7, where x = 0, 0.1, and 0.2. In all cases, FeBi4S7
was the major phase, with the lattice parameters in good
agreement with previous reports31 (Table 1). The analysis of
high-resolution PXRD data indicated that the composition
Fe1.2Bi3.8S7 produced a single-phase sample (Figure 2), while

the nearby compositions, Fe1.1Bi3.9S7, Fe1.1Bi4S7, and Fe1.2Bi4S7,
still contained the Bi2S3 impurity (Figure S1 and Table S1).
Thus, we conclude that the composition of the material is
better described by the formula Fe1.2Bi3.8S7, which indicates the
partial substitution of Fe into Bi sites of the ideal FeBi4S7
structure. Indeed, it was shown earlier that Fe dopants can
substitute for Bi in Bi2S3 to give the composition Bi2−xFexS3, up
to x = 0.26, with the decrease in the unit cell volume caused by
the smaller size of the Fe atoms.32

The refined unit cell parameters and volume remain nearly
constant for all Fe1+xBi4S7 and Fe1+xBi4−xS7 samples, suggesting
that the composition of the major phase remains close to that
of Fe1.2Bi3.8S7. This notion is also supported by the refined
compositions of the major phases for each sample (Table 1).
We explored the substitution of Fe for Bi in both Bi(1) and
Bi(2) sites, which exhibit, respectively, octahedral and
monocapped octahedral coordination by sulfur atoms. These
Bi sites correspond to Wyckoff positions 4i (0.62117, 0,

0.9248) and 4i (0.3204, 0, 0.6615), respectively, of the C2/m
space group. The Rietveld refinement consistently showed that
there is a slight preference for Fe to substitute into the Bi(1)
site (Table S1), which can be justified by a better fit of the
smaller Fe in the octahedral coordination environment.
The chains of edge-sharing FeS6 octahedra are characterized

by the intrachain Fe···Fe distance of 3.987 Å and the interchain
Fe···Fe distance of 6.714 Å. Therefore, in general, magnetic
exchange interactions along the chains should be substantially
stronger than those between the chains. We will keep this
consideration in mind when discussing the magnetic structure
of this material in a later section. For the sake of simplicity, we
use the stoichiometric formula FeBi4S7 in the remaining parts
of this paper.

Transport Properties. The temperature dependence of
the electrical resistance was measured on a pelletized powder
sample of FeBi4S7. The resistivity was found equal to ∼21 Ω·
cm at 300 K. This value is substantially higher than 7.1 mΩ·cm
measured by Labeǵorre et al.,31 who also reported the increase
in the resistance with temperature, thus suggesting metallic
conductivity for FeBi4S7. Such behavior, however, is at odds
with the presence of the band gap reported in both previous
works on this material. Our transport measurements revealed
an exponential increase in the resistance as the temperature
was lowered (Figure S2), confirming the semiconducting
behavior. Hall measurements were performed to determine the
type and density of the majority carriers, revealing n-type
conductivity, in agreement with the report by Labeǵorre et
al.31 (see Figure S3 and explanation in the Supporting
Information).
The dependence of resistivity on inverse temperature

(Figure 3) was fit to the Arrhenius law, ln(ρ/ρo) = Eg/

(2kBT), where ρo is the resistivity at 300 K, Eg is the band gap
energy, and kB is the Boltzmann constant. The fit to the linear
part of the dependence, observed in the high-temperature
range, gave Eg = 0.23 eV, which is substantially smaller than the
value of 1.30 eV reported by Luo et al.19 The latter value,
however, was determined from diffuse reflectance data by using
the Kubelka−Munk equation, which provides only a very
rough approximation to the true band gap. The low value of

Figure 2. Results of the Rietveld refinement of the high-resolution
PXRD patterns of the Fe1.2Bi3.8S7 sample.

Figure 3. Plot of ln(ρ/ρ0) vs 1/T for the pelletized powder sample of
FeBi4S7. The red line is a linear fit to the Arrhenius law. Inset: an
optical image of the sample with a schematic of the 4-probe
measurement setup.
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the band gap can be justified by the nonstoichiometry
observed for our sample. The partial substitution of Fe into
the Bi sites, evidenced by the formula Fe1.2Bi3.8S7 refined from
the high-resolution PXRD data of the phase-pure sample,
suggests ∼5% substitution of Fe3+ ions in the Bi sites, in
addition to the Fe2+ ions that occupy the main Fe site in the
crystal structure (Table S1). Therefore, the lower band gap can
be attributed to the mixed valence of Fe, which leads to the
appearance of additional states in the vicinity of the Fermi level
and the decrease in the Eg value as compared to the values
calculated for the pristine FeBi4S7.
X-ray Absorption Spectroscopy. The mixed-valence of

Fe was investigated by XANES measurements performed on
solid samples of FeBi4S7 and reference samples of Fe metallic
foil and γ-Fe2O3 at the Fe K-edge (Figure 4). At first glance,

the XANES spectrum of FeBi4S7 shows a rising edge that falls
intermediate in photon energy to Fe metal and γ-Fe2O3, which
may suggest a formal oxidation state of 2+ at the Fe sites of
FeBi4S7. However, the assignment of formal oxidation states
becomes more ambiguous upon closer inspection of the pre-
edge region of the spectrum (Figure 4, inset), where 1s → 3d
transitions are typically observed. Here, we observe an
apparent lack of a strong pre-edge feature for FeBi4S7
compared to γ-Fe2O3. This broad feature, as also observed in
the Fe metallic foil, is characteristic of transitions to strongly
delocalized 3d states. The observed broadening could also be
due to the presence of a mixed-valence system between
formally Fe2+ ions in the chain-like arrays and the Fe3+ ions
substituted at the Bi sites.
Macroscopic Magnetic Properties and Magnetic

Structure. Magnetization measurements carried out under
an applied field of 100 Oe (Figure 5) confirmed the AFM
ordering in FeBi4S7 at TN = 64 K. (A small kink observed at
235 K is attributed to a small magnetic impurity that could be
present in the powder sample.) The value of the ordering
temperature was slightly lower than TN = 67 K determined by
Luo et al.19 who performed magnetic measurements under an
applied field of 5000 Oe. Therefore, we examined the magnetic
properties of this material more thoroughly by collecting
temperature-dependent magnetization data under a variable
applied magnetic field (Figure S4). These measurements
revealed that the TN value, indeed, gradually increased with the
strength of the applied field (Figure 5, inset). Such a trend is

somewhat counterintuitive because the applied magnetic field
typically acts to suppress the AFM ordering, thus decreasing
the TN value. These observations suggest that FeBi4S7 does not
behave as a conventional antiferromagnet. Therefore, we
sought to determine its magnetic structure to understand the
possible origin of the observed changes in the AFM ordering
temperature as a function of the applied magnetic field.
Powder neutron diffraction data were acquired on a

POWGEN diffractometer at the ORNL Spallation Neutron
Source of the ORNL. The diffraction patterns were recorded
above and below TN, at 150 and 6 K, respectively (Figure 6).
The crystal structure was refined using the 150 K data
collected with incident neutron wavelength centered at 1.5 Å.
Several unindexed small impurity peaks, not belonging to Bi2S3
impurity, remained unidentified and were excluded from
refinement. Due to the similar neutron scattering lengths of
Fe (9.45 fm) and Bi (8.53 fm), an accurate refinement of the
partial Fe substitution into the Bi site was not possible.
Nevertheless, the refinement provided accurate determination
of the S positions and their occupancies and thermal factors.
The final refined parameters are given in Table S2.
The pattern collected at 6 K revealed the appearance of new

diffraction peaks in the low-Q region, indicating symmetry
breaking due to AFM ordering. The additional reflections
observed at 6 K were successfully indexed with a propagation
vector k = (1, 0, 1/2), providing the relationship between the
nuclear and magnetic unit cells. The vector k = (1, 0, 1/2)
implies doubling of the unit cell in the c direction and loss of
centering in the ab plane, since mi(0,0,0) = −mi(0,0,1) =
mi(0,0,2) and mi(0,0,0) = −mi(1/2,1/2,0) = mi(1,1,0),
respectively (see the Supporting Information for more details).
There are two possible maximal magnetic space groups, Cc2/

c and Cc2/m, allowing magnetic order for the Fe2+ ion at the
fully occupied Wyckoff position 2c (0,0,1/2). While the first
space group constrains the moments to the ac plane, the
second allows only their collinear arrangement along the b axis.
The neutron data displaying scattering at the (h,0,l+1/2)
positions are well described by the Cc2/m space group in a
magnetic unit cell defined as a × b × 2c with respect to the
parent nuclear lattice. The corresponding irreducible repre-

Figure 4. Fe K-edge XANES spectra of FeBi4S7 (red line) and
reference samples of Fe foil (black line) and γ-Fe2O3 (blue line), with
a magnified view of the pre-edge region shown in the inset.

Figure 5. Temperature dependence of magnetic susceptibility of
FeBi4S7 under an applied magnetic field of 100 Oe. The inset shows
the dependence of the AFM ordering temperature on the applied
field.
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sentation is mM2−.33 The fit of the pure magnetic scattering
(Figure 6b, inset), obtained by subtracting the 150 K data from
the 6 K data, yields a magnetic R-factor = 3.35% and χ2 = 1.6.
The final refinement of the neutron powder diffraction data at

6 K gave a magnetic moment of 4.39 μB per Fe2+ parallel to the
b axis, in close agreement with the value expected for the S = 2
ion.
In accordance with the AFM ordering, this magnetic

structure reveals an alternating orientation of Fe magnetic
moments when moving in the [001] and [110] directions, but
not along the [100] or [010] directions (Figure 7). Therefore,
the moments are arranged FM along the chains of edge-sharing
octahedra parallel to the b axis. The moments in the adjacent
chains are arranged in opposite directions, causing the overall
AFM order.
The observed magnetic structure allows a plausible

explanation for the aforementioned dependence of the AFM
ordering temperature on the applied magnetic field (Figure 5,
inset). The increasing field should increase the correlation
length between the FM-coupled Fe moments along the chains
of the FeS6 octahedra. These longer intrachain FM correlations
in the paramagnetic regime should also strengthen the
interchain AFM interactions, thus increasing the TN value.
(Field-dependent magnetization measurements at 150 and 300
K (Figure S5) reveal essentially linear increase in magnet-
ization, consistent with paramagnetism of the sample in this
regime.) The structurally related antiferromagnets, FeSb2S4
and FeMo2S4, exhibit, respectively, helimagnetic18 and col-
linear25 AFM arrangement of Fe moments in the chains of
FeS6 edge-sharing octahedra, in contrast to the FM chains
observed in FeBi4S7. Therefore, it would be of interest to
explore the influence of the applied magnetic field on the AFM
ordering temperature for those materials.
To understand the observed differences in the intrachain

magnetic exchange in these three compounds, we compare the
parameters of Fe−S bonding in their crystal structures (Table
2). In FeBi4S7, the separation between the S-bridged Fe atoms
is substantially longer and the Fe−S−Fe angle at the sulfide
bridge is much larger than those values observed in the
structure of FeMo2S4. The shorter Fe···Fe separation and more
acute Fe−S−Fe angles appear to favor collinear AFM
alignment of the Fe moments along the chain. The parameters

Figure 6. (a) Rietveld refinement of the crystal structure of FeBi4S7
using neutron diffraction data collected at 150 K and a wavelength
bandwidth centered at 1.5 Å. (b) Comparison of neutron data
measured at 6 and 150 K using wavelength bandwidth centered at
2.66 Å. The inset shows a fit of isolated magnetic peaks using the
magnetic structure model (Cc2/m space group), described in the text.

Figure 7. Magnetic structure of FeBi4S7, with the magnetic and nuclear unit cells indicated with solid green and dashed gray lines, respectively (the
nuclear unit cell edges are intentionally displaced for better visibility). (a) The view down the b axis shows the changing orientation of Fe magnetic
moments in chains of edge-sharing FeS6 octahedra when moving along the c axis or along the C-centering translation of the monoclinic lattice. The
larger dark-green and the smaller light-green dots, which center the octahedra, correspond, respectively, to the “up” and “down” orientations of the
Fe magnetic moment vectors. (b) The view down the c axis revealing FM alignment of Fe moments in the chains of edge-sharing FeS6 octahedra,
with the antiparallel alignment of the moments in adjacent chains. Such a magnetic structure results in the loss of C-centering translation in the ab
plane.
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observed for FeSb2S4 lie between those observed for FeBi4S7
and FeMo2S4, which appears to correlate with the helimagnetic
structure of FeSb2S4. A similar correlation between the M−X−
M angle and the nature of magnetic exchange between the
metal centers was reported recently for a series of quasi-1D
materials ANiCl3, where A is an organo-ammonium cation.
These materials, which contain chains of face-sharing NiCl6
octahedra, also showed the change from AFM to FM coupling
along the chain of Ni2+ ions, with the increase in the Ni···Ni
distance and the Ni−Cl−Ni angle.34 It is reasonable to
conjecture that the increase in these parameters reduces the
strength of the direct M···M exchange and favors FM
superexchange across the M−X−M bridges when those exceed
certain critical values, depending on the nature of the 3d metal
cation and the bridging anion.

■ CONCLUDING REMARKS
The magnetic structure of FeBi4S7 does not follow the more
common trend observed for quasi-1D ternary iron chalcoge-
nides, where the collinear AFM or the helical arrangement of
moments along the chains is more common. The neutron
diffraction analysis clearly reveals the propagation vector k =
(1, 0, 1/2), which indicates an AFM alignment of Fe moments
in the FM chains that run parallel to the b axis. The AFM
ordering temperature slightly increases with the increase in the
applied magnetic field, and this trend was observed to hold to a
field as high as 50 kOe. Given the relative rarity of chains of
edge-sharing FeX6 octahedra in the known quasi-1D iron
chalcogenides, it is certainly of interest to explore the field-
dependent magnetic behavior of FeMo2S4 and FeSb2S4, which
contain similar structural fragments. Efforts in this direction are
currently underway in our groups. It is also of interest to
determine the magnetic structure of the isostructural analogue,
MnBi4S7. Our preliminary neutron diffraction data indicate
that the AFM structure of this material is more complex than
that of FeBi4S7, and the powder diffraction data are not
sufficient for the accurate determination of the corresponding
k-vector. Therefore, our future efforts will focus on the growth
of large crystals of MnBi4S7 to allow the magnetic structure
determination from single-crystal neutron diffraction data. The
results of all these efforts will be reported in due course.
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