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We present the growth and characterization of sizable single crystals of the transition metal sulfide Bas-
MnSz by the floating-zone technique. Notably, to the best of our knowledge, this method marks the first
instance of sulfide melt growth in an open atmosphere, prompting us to detail modifications to our
halogen image furnace to eliminate oxygen from the growth atmosphere. This advance is expected to
prove valuable for cultivating substantial crystals of other sulfide materials. We present a detailed study of
BaMnSs. Through single crystal X-ray and neutron diffraction, we confirm Ba,MnSs adopts the
orthorhombic space group Pnma with unit cell parameters of a = 8.88960 (10) A, b = 4.33630 (10) A, ¢ =
17.2210 (2) A, and V = 663.835 (19) A® at 300 K. By means of magnetometry and specific heat capacity, we
identify an antiferromagnetic ground state, with two transitions at 19.6 and 21.1 K. Finally, we elucidate the
magnetic ground state through single crystal neutron diffraction, demonstrating the system is described by

Received 5th October 2023,
Accepted 13th February 2024

DOI: 10.1039/d3ce00977g

Open Access Article. Published on 13 February 2024. Downloaded on 3/12/2026 4:50:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

rsc.li/crystengcomm

1 Introduction

Ternary transition metal sulfides are a diverse group of
functional materials with promising properties."* Compared
to their oxide counterparts, these sulfides exhibit greater
covalency and atomic overlap due to the diffuse nature of
sulfur's orbitals, which is, in part, attributed to its lower
electronegativity.” This leads to complementary properties,
such as increased hole mobility and smaller electronic band
gaps, making transition metal sulfides attractive candidates
for p-type semiconductors, thermoelectric materials, and
photovoltaics.® > Another significant aspect of sulfides lies in
their structural chemistry. The presence of larger sulfur ions,
with a radii of ~1.8 A, stabilizes metal sulfides with lower
coordination values and lower symmetry structures.
Consequently, cubic structures like perovskite and pyrochlore,
governed by tolerance factors between 0.9 and 1, are rarely
observed in metal sulfides unless large cations can be used to
compensate for the extended sulfur ion. Instead, these
materials often adopt low-dimensional motifs, particularly
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the magnetic propagation vector k = (0, 1/2, 0) and belongs to the P,2;/n magnetic space group.

layered structures.”® The prevalence of layered structures is
notable because they offer potential applications in various
fields. For instance, layered structures are crucial in the realm
of batteries as potential cathodic materials due to their ability
to facilitate cation intercalation.'*® In thermoelectrics,
layered structures are valued for their high electrical
conductivity within the layers and low thermal conductivity
between them, resulting in enhanced ZT values.'”'®
Furthermore, layered materials are fundamental to the study
of magnetism in low-dimensional systems, enabling the
formation of exotic magnetic states.'®

Despite their potential, transition metal sulfide materials
receive less attention compared to their oxide counterparts
partly due to synthetic challenges associated with their air-
sensitive chemistry. Investigations often encounter issues with
small crystal sizes, which hinder the comprehensive elucidation
of bulk properties. To address this, we have developed a
modified floating zone setup that allows for the growth of large
single crystals of transition metal sulfides. Transition metal
chalcogenides containing a 1D chain structural motif often
exhibit interesting physical phenomena. For example, Ba,CoS;
is a highly correlated material which antiferromagnetically
orders at 1.5 K and exhibits metallic-like behaviour and negative
magnetoresistance, making it the first 1-D sulfide containing
Co*" to do s0.***' In addition, Ba,MnSe; also exhibits low
dimensional magnetism as indicated by the on set of short-
range magnetic correlations at high temperatures.* It has also
recently been reported that Ba,MnSe; exhibits low thermal
conductivity over a broad temperature range.’® Given the

This journal is © The Royal Society of Chemistry 2024
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unconventional properties which emerge from this structural
motif, our selected material to showcase the capabilities of this
innovative synthetic methodology is Ba,MnS3, a quasi-1D chain
magnet with an undetermined magnetic ground state.

Existing DC magnetisation measurements and elastic
neutron scattering studies conducted on powder samples
suggest antiferromagnetic behavior at 4 K, but no observed
Néel transition temperature above this was identified.””
Moreover, the magnetic structure remains unresolved, as
powder measurements could not differentiate between
various models.”” The magnetization measurements exhibit
an interesting characteristic: a high-temperature turnover
around 110 K, indicating the presence of frustrated spin
fluctuations and low-dimensional magnetism.**>°

Notably, the proposed models both describe Ba,MnS; as a
1D chain antiferromagnet with undetermined wave vectors.
Additionally, magnetic susceptibility measurements on
powders suggest that the magnetic moment of the Mn** ion
is § = 2, which is lower than the expected S = 2. However,
further confirmation is required to validate this observation.
If accurate, the reduced magnetic moment could be
attributed to the increased covalency of the Mn-S bond
resulting from the low electronegativity of sulfur.***' Herein,
we reexamine the magnetic susceptibility of the Ba,MnSs;,
noting two magnetic transitions are present at 19.6 K and
21.1 K. These observations are confirmed via specific heat
capacity measurements. Finally, we report the magnetic
ground state structure of Ba,MnS;.

2 Materials and methods
2.1 Polycrstalline powder

Polycrystalline powder samples of Ba,MnS; were prepared by
a solid-state reaction method. Commercial MnS and BaS
(Sigma Aldrich) powders were first purified by baking under
flowing 5% H, gas at 950 °C for 18 hours. In particular, as-
purchased BaS had a significant impurity phase of BaS, that
decomposed on heating. Stoichiometric amounts of the
purified reagents were ground in a mortar and pestle,
pelletised and baked at 950 °C in 5% H, gas for 18 hours.
The rod for the image furnace growth was prepared from
these precursors and baked at similar conditions for 2 hours
in an alumina boat.

2.2 Preparation of single crystals

Utilizing the optical floating zone technique, we successfully
synthesized single crystals employing a four-mirror mirror
furnace manufactured by Crystal Systems Corporation—more
precisely, the FZ-T-4000-H model. Two necessary upgrades
were introduced to this furnace. Firstly, the conventional
single O-ring sealing system employed for the rotating shaft
and the growth chamber was replaced with a dual-seal cavity
arrangement, significantly reducing the oxygen infiltration
rate into the growth chamber. Using a custom-made stainless
steel mount, a second O-ring was installed 2 cm above/below
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the standard O-ring. Argon flowed through the cavity between
the O-rings, out through a pipe, and into the main chamber.
Hence, leaks through the first O-ring seal resulted in argon,
not oxygen, entering the chamber. To quantify and monitor
the effectiveness of this enhanced sealing configuration, we
integrated a Cambridge Sensotec oxygen sensor into our
experimental setup. Through continuous monitoring over an
extended period involving the rotation and translation of the
shaft, our observations indicated the absence of any
appreciable influx of oxygen into the growth chamber.

Secondly, we implemented a novel oxygen scrubbing
technology to purify the argon gas before it entered the
chamber. This technology involves an oxygen pump designed
as a reverse-operating homemade zirconia oxygen sensor. It
consists of a yttria-stabilized zirconia membrane as an ionic
conductor between two sealed gas reservoirs. One reservoir
contains air, while the other serves as the inlet for argon gas.
The membrane is equipped with platinum paint electrodes
and heated to temperatures exceeding 600 °C. As the argon
flows over the electrodes, a 2 V potential difference is applied
across the membrane, causing oxygen contaminants in the
argon to be conducted across the membrane and into the air
reservoir. This method allows us to achieve significantly
lower oxygen levels inside the growth chamber, with many
orders of magnitude reduction. However, it should be noted
that accurately measuring the partial oxygen pressure at such
low values poses difficulties as the calibration via the Nernst
equation is difficult. Recently, a commercial version of this
technology produced by Canon Machinary Inc. has become
available, offering more detailed information on the
technique and its implementation.*?

The image furnace utilized four 500 W halogen lamps. Initial
melt tests of Ba,MnS; pellets revealed incongruent melting,
resulting in a liquid phase composed of a mixture of BaMnS,,
Ba,MnS; and BasS. A travelling solvent method was employed to
address this issue using a starting pellet of BaMnS,. The growth
and feed speeds were 0.2 mm h™, with the rod and crystal
rotating in counter motion at 30 rpm. The ultra-clean argon gas
pressure was 1.2 bar. The growth was stable with approximately
1200 W of lamp power. This approach allowed us to establish a
stable melt zone for approximately ten days. Fig. 1a depicts the
crystal rod. The ingot contained multiple crystals, with the
largest one weighing 0.8 g. SEM-EDS was conducted on specific
sections using a Jeol JSM-6610LV equipped with an Oxford
Instruments Xmaxn 80T X-ray detector to analyse the ingot.
Before the analysis, the crystals were coated with a 10 nm Au
layer for grounding.

The observed ratio of elements was determined to have an
uncertainty of 2% atomic ratio. Results gave the atomic ratio
Ba:Mn:S to be 2:0.99:2.90. While trace amounts of oxygen
were detected, it was challenging to determine whether this
was native to the crystal. We note the crystals remained
stable in ambient air for several months, displaying no signs
of decomposition.

X-ray Laue was employed for alignment and cutting, and a
wire saw was used. Some oxygen contamination likely occurred
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Fig. 1
Laue diffraction pattern of the (001) plane.

on the crystal surfaces during processing, possibly leading to
the formation of MnO. It should be mentioned that a tiny
amount of MnO (less than 0.1%) was observed at 120 K in the
magnetization data. We believe this MnO contamination is
surface-related, as the magnetic signal decreased upon
annealing in 5% H,. Lastly, through neutron diffraction, we
confirmed that all measured samples were indeed single
crystals.

2.3 Single crystal X-ray diffraction

Single crystal X-ray diffraction (SC-XRD) measurements were
performed at 300, 250, 200 and 150 K using a XtaLAB
Synergy, Dualflex, HyPix diffractometer equipped with a
monochromatic Mo Ko radiation (1 = 0.71073 A). An
absorption correction was applied using CrysalisPro. This
was done based on face-indexing and Gaussian integration.
The linear absorption coefficient (4) was found to be 14.64
mm™. Data were collected on 3 samples to check
reproducibility and estimate sample-to-sample variations; no
significant variations in the structural parameters within 4
standard deviations were observed. Each crystal that was

1446 | CrystEngComm, 2024, 26, 1444-1452

(a) Image of Ba,MnSs sample from optical floating zone crystal growth. (b) Polished face of the single crystal. (c) Predicted and observed

measured was cut from the bulk crystal grown using the
floating zone technique described above. The structures were
refined by a full-matrix least-squares technique based on F*
using Jana2006.% See Fig. S1, Tables S1 and S27 for the |Fey
|* vs. |Fops|* plot, refinement summary and refined atomic
positions and atomic displacement parameters.

2.4 Magnetic susceptibility and specific heat measurements

Measurements of the magnetization were made using a
Quantum Design MPMS XL-7. Three single-domain samples,
confirmed by neutron diffraction, were aligned to the a, b
and ¢ axis using a Laue camera to within 1° and cut by wire
saw. For the magnetic susceptibility and specific heat
measurements the crystals were mounted utilising GE
varnish and Apiezon N grease respectively. These were chosen
as they have good thermal conductance at low temperatures
and are not expected to induce significant strain in the
crystal. Care was taken to avoid contact with water or acids,
and the crystals were cleaned in toluene. Specific heat
capacity measurements were performed on a Quantum
Design PPMS measurement system between 1.8 and 300 K.

This journal is © The Royal Society of Chemistry 2024
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2.5 Neutron diffraction

Neutron diffraction experiments were performed at the Single
Crystal Diffractometer (SXD) beamline at ISIS, where the
time-of-flight Laue technique is used to access large three-
dimensional (3D) volumes of reciprocal space in a single
measurement.>® Data was collected on two cylindrical
crystals. The first was 1.4 cm x 0.13 cm”. Data was collected
using 5 orientations at 300 K for 2 hours, 100 K for 2 hours,
4 K for 21 hours. Additional data was collected at 25 K for 8
hours using 4 orientations. Temperature sweeps were
conducted between 6-25 K at a fixed crystal orientation. A
summary of the structure refinement, refined atomic
positions and refined atomic displacement parameters can
be seen in Tables 1-3, respectively. The second crystal was
0.3 cm x 0.15 cm® Data was collected using 5 rotational
angles at 4 K for 10 hours and 25 K for 2 hours. See Fig. S27
for the |Feq|” vs. |Fops|® plots for the second Ba,MnS; crystal
and Table S3f for refined atomic positions and atomic
displacement parameters of the second Ba,MnS; crystal. An
absorption correction was applied using SXD2001. This
utilised the cylindrical shape of the crystal in conjunction
with Gaussian integration. The linear absorption coefficient
is wavelength-dependent.

3 Results and discussion
3.1 Crystal structure

Ba,MnS; crystallizes in the orthorhombic space group Pnma
(No. 62) having unit cell parameters of a = 8.88960 (10) A, b =
4.33630 (10) A, ¢ = 17.2210 (2) A, and V = 663.835 (19) A® at 300
K. This is consistent with previous reports of the material.
Detailed crystallographic parameters can be seen in Table 1.
The crystal structure is characterised by two distinct Ba sites,
one Mn site and three distinct S sites, with all atoms occupying
the 4c Wyckoff position. Both Ba cations sit in a seven-fold
coordination environment while the Mn cation adopts a
distorted tetrahedral coordination geometry as seen in Fig. 2a.
The Mn-S bond lengths in the MnS, tetrahedra range from
2.4288 (17) A to 2.5039 (9) A, these lie within the expected bond
length range for a Mn>" ion. The Mn-S bond length associated

Table 1 Results of the structure refinement of Ba,MnSz using single-
crystal neutron diffraction data

Formula Ba,MnS;
Formula weight 425.79

T (K) 300

Crystal system Orthorhombic
Space group Pnma (no. 62)
a (A) 8.88960 (10)
b (A) 4.33630 (10)
c(d) 17.2210 (2)

Vv (A% 663.835 (19)
Z 4

No. of measured reflections 3724

Rops (%) 6.44

WRjobs (%) 9.70

GOF g6 (%) 1.91

This journal is © The Royal Society of Chemistry 2024
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Table 2 Refined atomic positions derived from the single crystal neutron
diffraction data of Ba,MnS3 collected at 300 K

Site X y z Uiso

Bal 0.41841 (8) 0.75 0.28627 (3) 0.009010 (18)
Ba2 0.26145 (9) 0.75 0.54417 (3) 0.010070 (19)
Mn1 0.12509 (12) 0.25 0.36824 (4) 0.01040 (3)
S1 -0.00122 (16) 0.75 0.40045 (6) 0.01150 (3)
S2 0.37296 (16) 0.25 0.42757 (6) 0.01080 (3)
S3 0.18001 (15) 0.25 0.22867 (6) 0.01040 (3)

with the bridging Mn-S-Mn connectivity is longer than that of
the bridging Mn-S-Ba con- nectivity. The Ba-S bond lengths
differ according to which site is being considered. The Bal site
has bond lengths which range between 3.1729 (7) A and 3.2735
(9) A while the Ba2 site has bond lengths which range between
3.1170 (10) A and 3.4026 (15) A. These values lie within the
expected bond length range for Ba>" ion. As seen in Fig. 2b. the
MnS, units are corner-sharing, forming a 1D chain motif. The
two BaS; polyhedra are edge-sharing and appear to form an
extended network. The Bal site binds to four [MnS,],, chains
while the Ba2 site binds to two [MnS,], chains. From an
extended perspective, it becomes apparent the [MnS,],, chains
propagate through the extended BaS; network as seen in
Fig. 2c. Due to the fact that the BaS; polyhedra isolate the 1D
chains, the inter-chain magnetic interaction is likely to be
smaller than the intra-chain interaction, explaining the low
ordering temperature. Moreover, due to the long Mn-Mn
distance (>4 A) it is unlikely that a direct exchange pathway
would lead to the observed long-range order. As such, any
magnetic ordering observed is likely to be an exchange
interaction mediated via the bridging sulfur anions. The
temperature-dependent single crystal X-ray diffraction reveals
no structural phase transitions down to 150 K.

3.2 Magnetometry

The temperature (7) dependent magnetic susceptibility y of Ba,-
MnS; measured at an applied field of 0.1 T is shown in
Fig. 3a and b. As the system is cooled, the susceptibility
increases passing through a broad asymmetric maximum at
~100 K. This feature indicates the onset of shortrange
correlations in the material and is a prominent feature of low
dimensional magnetic materials.*® At ~20 K, the system
appears to magnetically order as indicated by the weak anomaly

Table 3 Refined displacement parameters derived from the single crystal
neutron diffraction data of Ba,MnS3 collected at 300 K

Site  U11 U22 U33 Ul2  U13  U23
Bal  0.0090 (4) 0.0069 (2) 0.0111(2) 0 0 0
Ba2  0.0117(5)  0.0089 (3)  0.0096 (2) 0 0 0
Mnl  0.0092 (6) 0.0101(4) 0.0119(3) © 0 0
st 0.0136 (8)  0.0078 (4)  0.0131(5) 0 0 0
S2 0.0104 (8)  0.0107 (5)  0.0114(4) 0 0 0
S3 0.0103 (8)  0.0103(5)  0.0106 (4) 0O 0 0

CrystEngComm, 2024, 26, 14441452 | 1447
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(b)

(a) The coordination environment of the two crystallographically distinct barium sites. On the left, Bal coordinates to two 1D chains. On

the right, Ba2 coordinates to four other 1D chains. (b) A view of the propagating 1D chains along the crystallographic b-axis. In all cases purple
spheres are manganese, green are barium and yellow are sulfur. Thermal ellipsoids represented at 90% probability.

present in the susceptibility curve representing the Néel
temperature (7y). Upon closer inspection of Fig. 3b, it becomes
clear that there are two transitions present, one located at 21.1
K, indicating the onset of long-range magnetic order and
another at 19.6 K. The anisotropy of the susceptibility with
respect to crystalline axes indicates that the ordering is likely
antiferromagnetic, with the ordering wave-vector possibly along
the b-axis and the magnetic moments lying in the a—c plane.
Due to the highly correlated nature of the quasi-1D chain, the
Curie-Weiss temperature region is not reached up to 400 K,
preventing extraction of the Curie-Weiss temperature and local
magnetic moment from our data set.

3.3 Specific heat

In order to corroborate the occurrence of long-range order,
the specific heat capacity (C,) was measured. The
T-dependent C, was measured at zero-field is shown in
Fig. 3c. Given the insulating behaviour which is expected, the
total specific heat C}, can be approximated by the individual
contributions of its lattice, Cp phonon and magnetic, Cp mag,
components such that:

Cp = Cp,phonon + Cp,mag (1)

From Fig. 3c, it can be seen that at high temperatures, C, is
dominated by the contribution of phonon excitations. Only at
low temperatures is any signature of magnetic order detected.
As can be seen from the inset, two weak A-type anomalies (i.e.
second-order phase transition) are present at 21.1 K and 19.6
K. This matches our observations seen in the magnetic
susceptibility data and indicates the onset of long-range
order. These features are seen across multiple crystal samples
from different crystal growth attempts and have similar
magnitudes in each case. This indicates that these features
are likely not due to a minor impurity phase and are instead
intrinsic to the material. Due to the fact that short-range

1448 | CrystEngComm, 2024, 26, 14441452

AFM correlations persist at high temperatures, the extraction
of the T-dependent lattice contribution below 300 K is not
possible with the available data. As such, it is not possible to
reveal the T dependence of the magnetic contribution. Given
that the magnetic ions all occupy the same crystallographic
site, the two A-type anomalies likely correspond to two
consecutive mag- netic orderings as opposed to a two-step
magnetic transition.>®

3.4 Neutron diffraction

In order to establish the ground state of this material, single-
crystal neutron diffraction was employed. The crystallographic
and magnetic structures of two single crystalline samples were
measured by neutron diffraction using the SXD beamline at ISIS
Neutron and Muon Source. All findings presented in the
following section were consistent on both crystal samples,
indicating minimal inter-sample variations. Due to time
constraints, the focus of the neutron diffraction experiment was
to unambiguously solve the ground state magnetic structure of
the Ba,MnS; instead of investigating the temperature region
between the two observed transitions. It is important to note
however that within the resolution of the instrument, we do not
see any sign of incommensurability at intermediate
temperatures however to confirm this more work is required
with a better resolution and finer temperature steps.
Fig. 4a and b. displays the single crystal neutron diffraction
pattern of Ba,MnS; in the (%, k, 0) scattering plane at 7 = 25 K
and 4 K, above and below the ordering temperature,
respectively. At 25 K, the sharp diffraction pattern observed can
be attributed to nuclear reflections only.

Upon cooling to 4 K, additional Bragg reflections emerge
due to long-range magnetic order. The additional reflections
can be indexed by the propagation vector k = (0, 1/2, 0).
Consequently, the magnetic unit cell is obtained by doubling
the chemical cell along the b axis. The temperature
dependence of the integrated intensity of the (0, -1/2, -3)

This journal is © The Royal Society of Chemistry 2024
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antiferromagnetic features between 19-21 K. (c) Specific heat capacity between 300-4 K. (d) Specific heat capacity between 18-22 K demonstrating

two A-type anomalies.

peak is plotted in Fig. 4c. From 25 K to 21 K, minimal
intensity is observed, indicating no long-range magnetic
order. Below 21 K, the intensity of the magnetic peaks
increases with decreasing temperature in good agreement
with the specific heat capacity and susceptibility
measurements. Fig. 4d and e show nuclear refinements at 25
K and 4 K, while Fig. 4f shows the nuclear and magnetic
refinement at 4 K. By examining the nuclear refinement at 25
K, it becomes apparent that there is good agreement between
the calculated nuclear structure factor and the observed one
as indicated by a Rops = 6.99%. The nuclear refinement at 4 K
demonstrates good agreement between the calculated nuclear
structure factor and the observed one, as highlighted by Rops
= 8.8%. The R, value for the nuclear contribution from the
nuclear and magnetic refinement is comparable to that seen
in Fig. 4e. The magnetic space group P,2,/n (with
transformation matrix {(100)(020)(001)} origin (0,0,0) with
respect to the parent nuclear structure), gave the optimal fit
to the data, demonstrated by the smallest R-factor. The
magnetic space group generated by the action of the mY;

This journal is © The Royal Society of Chemistry 2024

irreducible representation with order parameter direction (g,
), the standard setting of the magnetic space groups is P,2,/
¢ (with transformation matrix {(020)(00-1)(-1-20)} origin
(0,0,0) with respect to the parent nuclear structure). The
calculated magnetic structure factors and the observed ones
are in relatively good agreement, resulting in Rops = 11.7%.
Each magnetization component was refined individually. The
largest contributions were observed along the a and ¢ axis. A
negligible contribution of 0.03 (1) ug was observed along the
b-axis. Constraining the model to the a and ¢ axis resulted in
no increase in the R-factor. The extracted magnetization
component along the a axis is 3.01 (1) ug and 1.54 (1) up
along the ¢ axis resulting in an overall observed magnetic
moment of 3.38 (1) ug. The observed magnetic moment is
reduced from what is expected for a typical S =3 system
(5 up)- A refinement of the nuclear model in the monoclinic
magnetic space groups did not highlight the presence of any
additional distortions compared with the Pnma model
indicating that the magnetoelestic coupling is small and
below the resolution of our diffraction experiment.

CrystEngComm, 2024, 26, 14441452 | 1449
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Fig. 4 (a and b) Single crystal neutron diffraction pattern of Ba,MnSs in the (h, k, 0) scattering plane at 25 K (a) and at 4 K (b). (c) Integrated

intensities of the (0, -1, -3) peak as a function of temperature. (d) Nuclear |Fcalc|2 Vs. |F°bs|2 at 25 K. (e) Nuclear|Fca|C|2 vs.|F<,bs|2 at 4 K. (f) Nuclear

and magnetic |Fcalc|2 vs. |Fc,bs|2 at 4 K.

The ground state magnetic structure is depicted in
Fig. 5a and b. Examining the magnetic structure reveals that
the moments order antiferromagnetically along the 1D chain
direction. The ordering between chains is more complex.
The nearest spin chains are coupled ferromagnetically;
however, the nearest spin chains are coupled
antiferromagnetically. Interestingly, as seen in Fig. 5b, the
magnetic moments point along the Mn1-S2 bond, the
shortest bond in the MnS, tetrahedron, suggesting a coupling
of the spin and lattice. Generally, it is expected that 3d § =2

next

systems would not show any form of anisotropy because of
the quenching of the orbital momentum of d-electrons,
presuming a high-spin configuration. In this system, a
reduced magnetic moment is observed and as such, the 3d
electrons might retain some orbital angular momentum,
resulting in a modest spin-orbit coupling. Several scenarios
might explain the observed reduced moment. The sulfides
are expected to have a degree of covalency in the electronic
bond between cation and anions.*’*® Mixing the metal
d-electron orbitals with the sulfur ligand orbitals can affect
the diffraction intensities, altering the magnetic form factors
and reducing the magnetic moment at the cation site.
Hubbard and Marshall have discussed this issue for a chain
of spin-only magnetic (d-orbital) and ligand (p-orbital) ions,
similar to our case.’® In the ionic picture, the antibonding
orbitals containing the unpaired electrons are mostly d in
character due to the minimal hybridisation between metal

1450 | CrystEngComm, 2024, 26, 1444-1452

and ligand orbitals. In extended sulfur orbitals, the overlap
of the sigma bond is more significant, so the antibonding
orbitals are broadened to include electron density on the
sulfur site. However, magnetic neutron diffraction is only
sensitive to the moment on the cation; hence, the measured
moment is smaller than expected. The ratio of the measured
to expected moments provides an estimate of the degree of
covalency. Our system's ratio is 0.67, close to that observed in
NiCr,S, (2 p observed, 3 uy expected).*”®

Alternatively, the moment reduction might be related to the
correlated nature of the 1D chain caused by magnetic
fluctuations. For example, descloizite-type —compound,
SrMn(VO,)(OH) has a S = 2 1D chain and Néel temperature of
30 K, where the observed moment was 3.4 xB, quite similar to
our moment reduction.”® The authors attribute this reduction
to strong spin fluctuations due to the quasi-1D nature of the
magnetic interactions. Finally, we have analysed the critical
exponent of the magnetic order parameter below the Néel
temperature, shown in Fig. 4c. We fitted a standard power law
V1 o« (Ty — T) to the intensity of the magnetic peaks between
0.4 < T/Tx < 0.95 for ten magnetic peaks. The average f = 0.22
+ 0.03 and a Ty = 19.7 + 0.7 K. 2D Ising and 3D Ising
antiferromagnets’ standard universality class is expected to have
£ =0.125 and 0.35, respectively, which is markedly different to
our extract value. We note it is similar to that observed in the
1D chain compound NiTe,Os.*" This material has a magnetic
transition temperature of 30 K with f = 0.18, the origin of which

This journal is © The Royal Society of Chemistry 2024
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(a) View of the magnetic unit cell demonstrating antiferromagnetic order along the 1D chain. (b) View of the magnetic moments pointing

along the Mn1-S2 bond. Purple spheres are manganese and yellow are sulfur. Barium atoms are omitted for clarity.

is unclear. Further theoretical work on low-dimensional
magnets is likely required.

4 Conclusions

To conclude, we reported the development of a novel
synthetic methodology to grow large-size single crystals (>1
cm) utilising a modified optical floating zone set-up. The
characterisation of Ba,MnS; was targeted to demonstrate this
synthetic methodology's capabilities. A reevaluation of the
magnetic susceptibility revealed the presence of two
transitions seen at 21.1 K and 19.6 K. Specific heat capacity
measurements verified both features corresponded to
magnetic transitions. Single crystal neutron diffraction
revealed the magnetic Mn*>* ions order with a k = (0, 1/2, 0)
propagation vector at 4 K. The magnetic space group that
best fits the neutron diffraction data was P,2,/n. Here, the
magnetic moments' order along the Mn1-S2 bond indicates
the presence of spin-orbit coupling in the system. Some
mysteries remain to be explored in this material, notably the
origin of the reduced magnetic moment and the nature of
the second magnetic transition at 21.1 K. Finally, we note
that our demonstration of crystal growth of a ternary sulfide
from an open melt could open the door to measurements on
this diverse and fascinating group of materials.
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