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Preparation, characterization and DFT+U study of
the polar Fe®**-based phase BasFe>Znln,Sys
containing S = 5/2 zigzag chainst
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The polar magnetic chalcogenide phase BasFe,Znln,S;s was synthesized and its structure was solved
by single crystal XRD. It is the first member with a 3d magnetic metal (Fe**) in the PbsZnGaeSis-type
structure family of wide bandgap materials with non-linear optical properties. The three-dimensional
framework possesses a low dimensional magnetic character through the presence of weakly interact-
ing zig-zag chains made of corner-sharing FeS, tetrahedra forming chain 1, [FeS,]™. The latter
chains are separated by InS, tetrahedra providing weak magnetic super-super exchanges between
them. The framework is also constituted by chain 2, [I|’13Zr1159]7‘00 (chain of T2-supertetrahedra)
extended similarly to chain 1 along the direction ¢ and connected through InS, tetrahedra. Symmetry
analysis shows that the intrinsic polarization observed in this class of materials is mostly due to the
anionic framework. Preliminary magnetic measurements and density functional theory calculations
suggest dominating antiferromagnetic interactions with strong super-exchange coupling within the

rsc.li/dalton Fe-chains.

Introduction

The interest in the search and study of transition metal chalco-
genide compounds is due to their structural diversity and com-
positional complexity." These characteristics lead to appealing
properties.>® For instance, superconductivity coexists with fer-
romagnetism in layered iron-based chalcogenide Cr-doped
FeTey sS0.0." Multiferroicity has also been found in several Fe-
based systems.””” On the other hand, polar chalcogenides with
second harmonic generation (SHG) responses are being inves-
tigated for their nonlinear optical properties.

An interesting strategy to target new multiferroic phases is
to substitute these strongly polar systems using magnetic
cations in order to induce magnetic interaction on top of the
polar distortion. Therefore, in this work, we focused on the
polar structure type AsZnM,S,s with the reported members
SrsZnGagS;s ® and PbsZnGaeS;5 ° phases (space group Ama2).
They are wide bandgap semiconductors and exhibit a strong
SHG response. Thus, we attempt to insert Fe*" (3d°, S = 5/2)
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providing strong magnetic coupling. They are characterized by
interconnected Ga,S;o T2-supertetrahedra, dimeric Ga,S; tetra-
hedra and ZnS, tetrahedra to form a complex 3D non-centro-
symmetric (NCS) anionic framework with a large cation resid-
ing in the irregular voids (Sr** or Pb>* in the later examples).
Here we have synthesized the first magnetic member
BasFe,ZnIn,S;s. Besides, a few polar magnetic sulfides are
found in the literature with Fe*" as the magnetic ion, such as
the chain compounds RE;MInS; (RE = rare earth and M = Fe,
Co, and Ni in an octahedral environment) related to the
LazCuSiS;-type which exhibits antiferromagnetic inter-
actions.’® With other magnetic ions, one can cite the polar
sulfide NagMn,(Ge,Ses), which was mainly studied for its non-
linear optical properties and is a paramagnetic semi-
conductor.” The polar chalcogenides BaLnSn,Qs (Ln = Ce, Pr,
Nd and Q =S and Se) were reported as well with paramagnetic
behaviour obeying the Curie-Weiss law."?

Here, we present the in-depth structural characterization of
the polar magnetic chalcogenide BasFe,ZnIn,S;s, using mul-
tiple cations with different scattering factors to provide new
insights into the chemical speciation of each cationic site.
Symmetry analysis of the structure is used to emphasize the
origin of the non-centrosymmetry and polarity of this structure
type. Finally, a low dimensionality magnetism is proposed
based on the preliminary magnetic study combined with DFT
calculations.

This journal is © The Royal Society of Chemistry 2022
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Experimental section
Synthesis

The synthesis was carried out with a stoichiometric mixture of
the precursors BaS/In,S;/Zn/Fe/S. These precursors were mixed
and thoroughly ground in an agate mortar before being
pressed into pellets and heated in an evacuated sealed quartz
tube. The heat treatment consisted of heating up to 1000 °C at
a rate of 250 °C h™"' for 7 hours and then cooling down to
700 °C at a 30 °C h™' rate, after which the furnace was
switched off.

X-ray diffraction of single crystals was performed on an X8
diffractometer equipped with a bi-dimensional CCD 4 K detec-
tor and an Ag K, source.

Mode symmetry analysis was performed using the
ISODISTORT software'® and the representation of the atomic
shifts was drawn using the Vesta 3 software.™

The powder X-ray diffraction pattern was obtained on a
Bruker D8 diffractometer equipped with a linear detector
Lynxeye (Cug,) in the Bragg-Brentano geometry at room
temperature.

Magnetic measurements were performed on a 7 T Dynacool
PPMS from Quantum Design by field cooled (FC) and zero
field cooled (ZFC) procedures under an external field of 0.1 T.

DFT calculations were carried out by employing the projec-
tor augmented wave (PAW)'>'® method encoded in the Vienna
ab initio simulation package (VASP)'” and the generalized gra-
dient approximation of Perdew, Burke and Ernzerhof'® (PBE)
for the exchange-correlation functionals. A plane wave cutoff

Fig. 1
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energy of 550 eV and a threshold of self-consistent-field energy
convergence of 10° eV were used, with 74 k points in the irre-
ducible Brillouin zone for the spin polarized GGA+U (U = 4
eV) calculations of BasFe,ZnIn,S;s.

For the site preference calculations in SrsZnGagS;s and
PbsZnGaeS;s, full geometry optimizations were carried out
using a plane wave energy cutoff of 550 eV and 30 k points in
the irreducible Brillouin zone. It converged with residual
Hellman-Feynman forces on the atoms smaller than
0.03 eV A™" and led to a good match with the experimental
structure, i.e. within a reasonable error expected for the GGA
method. The relaxed structure was used for calculations of the
electronic structure. For the latter, a plane wave cutoff energy
of 550 eV and a threshold of self-consistent-field energy con-
vergence of 10~° eV were used, with 90 k points in the irreduci-
ble Brillouin zone.

Scanning electron microscopy (SEM) experiments and EDX
analysis were carried out on a Hitachi S400N.

Results and discussion
Structure solution and description

The structure (Fig. 1) was solved using single crystal XRD data
(CCDC deposition number 2148490t) obtained from a black
platelet crystal. It crystallizes in the orthorhombic system with
cell parameters a = 23.4580(19) A, b = 18.551(6) A, and
¢ = 6.464(5) A and the polar space group Ama2 (40). The data
collection and refinement details are given in Table 1. The

Inl
52 < 59

o 57
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(a) View of BasFe,lnsZn;Sss along the ¢ axis, (b) magnetic exchange coupling J1 and J2 in the chains extended along the b axis, (c) intercon-

nection between magnetic chains, (d) view of lined chains of type 2, and (e—g) In1, Fel and Zn1 coordination, respectively.
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Table 1 Refinement parameters of BasFe,lnsZnS;s

Formula BasFe,In,ZnS; 5

Molecular weight (g mol™) 1804

Symmetry Orthorhombic

Space group Amaz2 (40)

Unit cell dimensions (A) a=23.458(2)
b =18.551(6)
€ = 6.464(5)

Volume (A%) 2813(2)

zZ 4

Data collection

Equipment Bruker CCD

1 [Ag Ky A 0.56087

Calculated density (g cm™) 4.2599

Crystal shape Platelet

Crystal dimensions (um) 65 x50 x 5

Color Black

Absorption correction Analytical

Scan mode w, ¢

0 (min-max) (°) 1.73-19.72

u (mm™; for A Ka = 0.56087 A) 6.841

F(000) 3192

Reciprocal space recording —28<h<28
—22<k<22
-7<1<7

No. of measured reflections 37736

No. of independent reflections 2633

1> 30(I) (total) 2325

Refinement

Number of refined parameters 245

Refinement method Least-squares

Weighting scheme Sigma

Rl(F)FLI > 36(I)]/Ry(F®) (all data, %) 0.0315/0.0382

WR,(F*) [I > 30(I)|/WR,(F) (all data, %) 0.0374/0.0386
Goodness of fit 1.42

Flack parameter 0.05(5)
Max/Min residual electronic density (e /A%) 1.39/-1.86

Tiin/Tmax 0.6607/0.7387

refinement was carried out using the JANA2006 '° software
based on a structure solution obtained using the charge flip-
ping method.?® The EDS analysis of the single crystals (Fig. 2)
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Fig. 2
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revealed an average atomic ratio of 19.6/8.6/3.8/11.0/57.1 for
Ba/Fe/Zn/In/S. This is in good agreement with the theoretical
ratio expected for the refined formula BasFe,ZnIn,S;s, i.e. 18.5/
7.4/3.7/14.8/55.6 for Ba/Fe/Zn/In/S. In particular, the Fe ratio is
about twice the Zn ratio which is consistent with their refined
distribution.

The new phase BasFe,ZnIn,S;5; is a 3D framework
(Fig. 1, Tables 2-5) combining three different types of tetrahe-
dra InS,;, FeS; and ZnS, (Fig. le, f and g). The standard
description of this family has been reported for several non-
magnetic chalcogenides, e.g SHG active compounds
Sr;ZnGagS;s and Pbs;GagZnSs; with wide bandgaps.®® The
atomic positions are very close to those reported in the pre-
vious compositions with the exception of the zinc position,
as discussed later. Please note that due to the polar nature of
the space group, multiple origin choices are possible. The
transformation matrices to apply in the reported atomic
positions®® for straightforward comparison can be found in
Table S1.7

The structural model can be described as the stacking of
two distinct 1D building blocks. The [FeS,] ., zigzag chain (1)
extending along the ¢ axis is built from corner-sharing
[Fe1S,]>” tetrahedra (Fig. 1c) and the T2 supertetrahedron
(made of 4 tetrahedra forming M,X;, with M as the cation and
X as the anion) based chain (2) [InzZn;Ss]" . which also
extends along the ¢ axis (Fig. 1d). In the latter chain, the
corner sharing [In;ZnS;,]®” T2-supertetrahedra are composed
of one [In2S,]>~, two [In3S,]°~ and one [Zn1S,]°” tetrahedra. In
the FeS, tetrahedra, the distances dp..g are found to be
between 2.238 A and 2.266 A and lead to a BVS of 3.02(5)
which is consistent with the Fe’" oxidation state calculated
from the charge balance. This range is comparable to the one
reported for instance in BasFe,;S;; which also has Fe* in the
FeS, tetrahedra, with d(Fe*'-$*7) = 2.214-2.306 A.>' The In-S
bond lengths ranging from 2.377 A to 2.484 A are comparable

b)

M Spectrum 15
A

(a) X-ray diffraction pattern of BasFe,In4ZnS;5s calculated from single crystal refinement, and compared to the X-ray experimental pattern of

the obtained powder; impurity peaks are indexed to blue circles. (b) EDX analysis with atomic ratios and SEM image of a crystal (inset).
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Table 2 Atomic positions and isotropic thermal displacement for
BasFe,lnsZn;S:s

Atom  Wyck. x y z Ueq

Bal 4b 3/4 0.34541(7)  0.147(2) 0.0128(4)
Ba2 8¢ 0.61457(3)  0.13332(2)  0.068(2) 0.0110(2)
Ba3 8¢ 0.10987(3)  0.16031(4)  0.102(2) 0.0126(2)
Inl 4a 1/2 1/2 0.078(2) 0.0118(4)
In2 4b 3/4 0.69547 0.183(2) 0.0125(4)
In3 8¢ 0.66016(4)  0.5262(2) 0.055(2) 0.0203(3)
Fel 8¢ 0.47101(7)  0.6962(1) 0.130(2) 0.0071(5)
Zn1 4b 3/4 0.52836(12)  0.531(2) 0.0079(6)
S1 1b 3/4 0.8245(3) 0.142(2) 0.0122(14)
S2 8¢ 0.37633(11)  0.69643(16)  0.088(2) 0.0100(9)
S3 8¢ 0.51069(14)  0.70254(19) —0.186(2)  0.0125(10)
S4 8¢ 0.49966(15)  0.60120(19)  0.323(2) 0.0125(10)
S5 4b 3/4 0.6575(2) 0.551(2) 0.0112(13)
S6 8¢ 0.65417(12)  0.65980(17)  0.066(2) 0.0121(9)
S7 8¢ 0.66700(13)  0.47875(19)  0.391(2) 0.0133(10)
S8 8c 0.58174(14)  0.4932(2) —0.158(2)  0.0137(11)
S9 4b 3/4 0.4937(3) -0.113(2)  0.0143(15)

to the range of bond lengths in Ba,In,S; " (from 2.386 A to
2.503 A). The Ba®* cations are localized in the voids.

The two chains are interconnected via [In1S,]>~ tetrahedra
along the a and b axis respectively to form the three-dimen-
sional framework of the structure (Fig. 1a). The heterogeneous
cation composition of the T2-supertetrahedra, i.e. [In;ZnS;,]%,
is observed for the first time. In previous studies on this struc-
ture type (ref. 8 and 9), the [ZnS,]°” tetrahedron was reported

View Article Online
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as the connecting unit between the two chains that were com-
posed purely of [GaS,]’” tetrahedra. We would like to empha-
size here that Zn®>" and Ga®" being isoelectronic species, X-rays
crystallography is a poor tool to resolve the chemical compo-
sition of Ga/Zn sites and therefore such structures are possibly
ambiguous. Yet, the chemical speciation of the different sites
is not discussed in previous studies. While our composition
only has Zn>" as the common cation with the other two pre-
viously reported structures, the atomic positions are remark-
ably similar. Therefore, the speciation information obtained in
the case of BaZnFe,In,S;5;, thanks to the different electron
counts in Fe*", Zn®>" and In*", could also be relevant to help
resolve the natural ambiguity of the Ga/Zn speciation in the
other two structures.

Recently, the IR NLO phase BasCdGaeSe;s with a strong
SHG response has also been reported® with the Pb;ZnGaeSs-
type structure. In this phase there is no ambiguity concerning
the repartition of Cd/Ga, but interestingly they suggest a site
preference (4a site) for Zn in the parent phase PbsZnGagS;s
without excluding Zn/Ga disorder.

In our study, reinvestigation of the reported structures of
PbsZnGagS,5 and Sr;ZnGagS;5 shows evidence of a Zn/Ga
inversion. In particular, in both structures the thermal displa-
cement of Zn** is significantly smaller than that of other
cations while the thermal parameter of the Ga site corres-
ponding to the location of the Zn site in our structure is the
largest of all Ga®* cations. While all reported parameters are

Table 3 Distances, angles and number of magnetic exchange couplings between iron atoms

Atom 1 Atom 2 d[1,2] (A) Fe-S-Fe (A) Fe-S---S-Fe (A) Fe-S-Fe (°) Number of coupling

Ji Fel Fel 4.0349(149) Fe-S3 = 2.2478(167) 126.8(4) 2+8/2=6
J2 Fel Fel 6.464(57) Fel-S7 = 2.265(5) 16/2

S7-S7 = 3.7094(67)
J3 Fel Fel 7.4054(35) Fe1-S4---S4-Fel 1+9/2=5.5

Fe-S4 = 2.2614(106)

S4-S4 = 3.7548(5)
Table 4 Anisotropic thermal parameters Uj; (A?) for BasFe,lnaZn;Sss
Atom Ui Usa Uss Uiz Uiz Uss
Bal 0.0048(5) 0.0219(7) 0.0116(7) 0.0000(0) 0.0000(0) 0.0002(5)
Ba2 0.0075(3) 0.0119(4) 0.0136(5) 0.0006(3) 0.0016(4) —0.0010(4)
Ba3 0.0081(3) 0.0193(4) 0.0105(5) —0.0001(3) 0.0006(4) —0.0027(4)
Inl 0.0110(6) 0.0133(7) 0.0112(7) —0.0004(5) 0.00000 0.00000
n2 0.0084(6) 0.0123(8) 0.0169(8) 0.000000 0.00000 0.0014(6)
In3 0.0194(5) 0.0229(6) 0.0187(6) 0.0010(4) —0.0019(5) 0.0003(6)
Fel 0.0044(8) 0.0100(10) 0.0069(10) —0.0004(7) 0.0007(8) —0.0002(8)
Zn1 0.0046(9) 0.0120(11) 0.0072(13) 0.000000 0.000000 —0.0008(9)
s1 0.008(2) 0.015(3) 0.014(3) 0.000000 0.000000 0.003(2)
S2 0.0031(13) 0.0142(16) 0.0127(18) —0.0009(11) —0.0011(15) —0.0018(18)
S3 0.0128(17) 0.0128(19) 0.0118(19) —0.0004(14) 0.0050(14) 0.0038(16)
S4 0.0110(15) 0.0120(19) 0.0144(19) 0.0031(12) —0.0032(14) 0.0014(15)
S5 0.0065(19) 0.013(2) 0.014(3) 0.000000 0.000000 0.000(2)
S6 0.0100(14) 0.0135(16) 0.0129(18) —0.0004(12) —0.0043(15) —0.0005(19)
S7 0.0111(16) 0.0161(19) 0.0127(19) —0.0021(14) 0.0004(15) 0.0016(16)
S8 0.0112(16) 0.015(2) 0.0147(19) —0.0014(14) 0.0062(15) —0.0016(16)
S9 0.008(2) 0.022(3) 0.012(3) 0.000000 0.000000 0.003(2)

This journal is © The Royal Society of Chemistry 2022
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Table 5 Main distances (A) for BasFe,In,Zn;Sss

Atoms 1,2 d1,2 [A] Atoms 1,2 d1,2[A]
Bal-S1 3.29(2) In1-S4 2.454(13)*2
Bal-S1 3.22(2) In1-S8 2.456(12)*2
Bal-S2 3.087(4)*2 In2-S1 2.407(6)
Bal-S9 3.224(11) In2-S5 2.484(19)
Ba2-S2 3.168(4) In2-56 2.461(6)*2
Ba2-S3 3.179(10) In3-S6 2.417(4)
Ba2-S4 3.184(10) In3-S7 2.380(18)
Ba2-S5 3.210(1) In3-S8 2.395(11)
Ba2-S7 3.323(8) In3-S9 2.463(9)
Ba2-S8 3.236(11) Fe-S2 2.237(4)
Ba3-S1 3.309(2) Fe1-S3 2.246(18)
Ba3-S2 3.232(19) Fel-S3 2.265(11)
Ba3-S3 3.239(9) Fel-S4 2.263(11)
Ba3-S4 3.324(11) Zn1-S5 2.399(5)
Ba3-S7 3.209(9) Zn1-S7 2.335(8)*2
Ba3-S8 3.310(10) Zn1-89 2.387(19)

within an acceptable range, this is exactly the effect one would
expect if a slightly larger Zn>" was squeezed in a Ga** position
and vice versa. Finally, the hypothesis of Ga/Zn in previously
reported structures was probed using geometry optimization
by DFT calculations. In both PbsZnGaeS;s and SrsZnGaeS;s,
the energy of the optimized structure (see Tables S2-S57) is
significantly lower when the [ZnS,]°” tetrahedron is part of the
T2-supertetrahedra (—461.5 eV and —491.4 eV respectively)
rather than in the reported position (—460.1 eV and —488.5 eV
respectively).

None of the above elements are direct proof of the Zn posi-
tion in (Pb,Sr)sZnGaeS;5; however, we report here clear evi-
dence that this question is still pending. It should be
addressed with caution until powders with sufficient purity or
large enough single crystals for neutron diffraction can be
obtained.

Origin of the non-centrosymmetry and the polarization of the
structure

With at least three compositions with the same structure type,
sulphides with the AsZnMS;5 stoichiometry appear as a very
promising family for the discovery of new polar materials.
Understanding of the geometrical origin of the spatial inver-
sion breaking appears as a critical element to improve the pro-
perties of these materials. To visualize the origin of the non-
centrosymmetry and polarity observed in AsZnMgS,5, we con-
structed a hypothetical centrosymmetric high-symmetry struc-
ture (aristotype) and used symmetry mode analysis® to decom-
pose the atomic shifts, relating the aristotype to the lower-sym-
metry structure (hettotype), into centrosymmetric and non-
centrosymmetric displacements.

Looking at the cationic framework of BasFe,ZnIn,S;s, we
found that the structure is composed of 8 layers along a, 6
along b and only 2 along ¢. The positions of each cation can
therefore be rounded off to the closest fractional coordinate
with the form (n,/8, n,/6, n,/2) to construct a high symmetry
structure. The resulting arrangement has the Cmcm (#63)
centrosymmetric space group; note that to avoid permutation

9526 | Dalton Trans., 2022, 51, 9522-9530
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of the basis vectors when transforming the aristotype to the
hettotype, the non-standard setting Amam (#63-4) is used in
the rest of the article. Similarly, the anion framework can be
described using 8 layers along a, 6 along b and 4 along ¢, and
the resulting atomic positions, also compatible with the Amam
space group, are listed in Table S6.}

The decomposition of the different modes and the evalu-
ation of their amplitude (Table S71) were achieved using the
ISODISTORT software (ref. 10). The 43 modes belong to two
irreducible representations I';; and I';_ with isotropic sub-
groups Amam and Amaz2, respectively. This allows the differen-
tiation between the atomic shifts breaking the inversion sym-
metry, i.e. belonging to I';_, and the displacements compatible
with the inversion center, i.e. belonging to I'y,. By applying the
atomic shifts of the I'y, irreducible representation to the aristo-
type we can generate the best possible centrosymmetric model
and represent the remaining atomic shifts using arrows
(Fig. 3a). It is then easy to visualize that it is mostly the anionic
framework that breaks the inversion symmetry. The cations
have atomic shifts less than 0.4 A with respect to the centro-
symmetric Amam structure, with the exception of In2 that
shows a shift of about 0.7 A. Positions S3, S4, S7, S8 and S9
require a displacement greater than 1 A to reach their actual
position with a maximum of 1.2 A for S9.

Because Inl lies on an inversion center in the aristotype
structure, the deviation from a centrosymmetric structure is
most obvious in the evolution of its coordination polyhedra
(Fig. 3c). The pseudo-cubic environment imposed by the inver-
sion center can be relaxed into a tetrahedral environment by
pulling in atoms that are on the diagonal of each face since S3/
S4 and S7/S8 are no longer equivalent positions in the Ama2
space group. Then, using the centrosymmetric and non-centro-
symmetric models, the calculated polarization via point charge
is found to be high with a value of 63.7 uC cm ™2,

The polarity of the structure, on the other hand, originates
from the displacements along the polar axis, c. In this regard,
the evolution of the T2 super-tetrahedral subunit (Fig. 3b) is
much more relevant. The large shift of the S9 position along ¢
is only partially compensated by a much smaller shift of the
In1 position in the opposite direction. Several substitution
strategies can then be devised to increase the polarization of
this structure type. In particular, the effective charge carried by
the anion in the S9 position is maximized by increasing the
ionicity of its chemical bonds.

DFT calculations

The magnetic interactions within the title phase were investi-
gated using DFT+U calculations at the GGA level. We have
investigated several magnetic configurations using U = 4 €V
which is in the typical range of similar systems.>* The structure
was not relaxed to avoid slight geometrical changes in the spin
chain that may affect the results.

Using the energy mapping analysis®>> and the magnetic con-
figurations presented in (Fig. 4), we extracted from our DFT+U
calculations the magnetic interaction constants j1, j2 and j3
(Table 3) (Fig. 5). We consider decoupled 2D layers containing

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Representation of the centrosymmetric (Amam) hypothetical aristotype of BasZnFe;InsZnS;s and the atomic shifts necessary to derive the
real structure. The arrows representing the atomic displacements are drawn to scale meaning that the tip of the arrows points to the real position of
the atoms. The position identification refers to the Amaz2 cell. (a) Whole cell, (b) T2 super-tetrahedral subunit and (c) coordination sphere of Inl.

AFM2 AFM3

Fig. 4 Different magnetic configurations of BasFe,In,Zn;S:5 used in the DFT+U calculations; J1, J2 and J3 are represented in black, red and blue,

respectively.

Fig. 5 (a) Magnetic exchange coupling scheme of J1, J2 and J3
between iron atoms. (b) Quasi one-dimensional zigzag magnetic chain
built from iron atoms in blue with J1 and J3 intra-chain magnetic
exchanges represented in black and red, respectively.

This journal is © The Royal Society of Chemistry 2022

the spin chains weakly interacting. Based on the geometrical
configuration we can propose and estimate a super-exchange
mechanism within the chains (intra-chain, J1 coupling) and a
super-super exchange mechanism between the chains (inter-
chains couplings) as well as for the next-nearest neighbour
interaction within the chains (J2 and /3 respectively). Another
inter-chain path exists through the T2 supertetrahedra but is
not considered due to its exceedingly long inter-chain distance
(a path of four successive InS, tetrahedra between Fe atoms)
providing a complete structural disconnection.

E,: sum of the nonmagnetic parts.

Jij: the exchange interactions between spin S; and S; at sites
i and j, respectively.

The positive (negative) J; represents FM (AFM) coupling.
For one formula unit, the total energies associated with
different magnetic orders can be calculated using:

Eem) = Eo — 16]1S — 8]25% — 16]3S> (1)

E(apv1) = Eo + 8/28% + 16]3S> (2)
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Fig. 6 (a) Temperature dependence of magnetic susceptibility y, T. (b) Zoom-in view of ZFC/FC at low temperature.

E(armz) = Eo + 16]18% + 8]25 — 16/3S> (3)

E(arm3) = Eo — 8]2S” + 8/35>

(4)

Here, we use S = 5/2, accordingly with the charge of Fe
assumed in this work (d°) corresponding to high spin Fe®".
The latter allows the J calculations using a defined spin state
on each site. Using the equations above and the energies of
the magnetic configurations presented in (Fig. 4), we extracted
from our DFT+U calculations the magnetic interactions con-
stants J/1 = —206 K, j2 = —9.08 K and J3 = —6.62 K, considering
Uetr = 4 eV. The DFT calculated local magnetic moment on the
Fe sites is found to be around 3.9up with slight variations
depending on the magnetic configuration; such a value agrees
with a high spin state of Fe**. All J couplings are found to be
antiferromagnetic but j1 is largely dominating which avoids
any competition between J1 and J3 (both in-chains and cannot
be AFM at the same time) with |J1| > [J3|. J2, inter-chain, is
also very weak compared to J1 and in the same range than j3.
Therefore, this system can be described as an S = 5/2 AFM spin
chain. For such a low dimensional magnetic system with
highly disconnected 2D magnetic layers made of weakly inter-
acting spin chains (with the strong j1 in chain), a clear estab-
lishment of a long-range magnetic ordering may not occur.
Considering the large value of J1, we should keep in mind that
it would be affected by U.g applied for the calculations. We
cannot adjust more accurately the U value in the absence of
experimental magnetic data on a pure sample (see the discus-
sion below) to compare with the calculation results.
Nevertheless, the trend and the dominating j1 are clear. Then,
the large value of J1 may be related to the high spin configur-
ation of d® (Fe**) which provides a maximal spin-only magnetic
moment thus enabling greater magnetic interactions between
the spin sites. Additionally, the role of the more covalent
bonding with the sulfide anions (compared to oxides) should
be further investigated. It is difficult to make a straightforward
comparison with other systems but one can cite Ba,FeS; with
quasi one-dimensional (1D) spin chains built with corner
sharing FeS, as found in our phase but not in a zigzag manner
and with Fe** (S = 2) instead of Fe** (S = 5/2). In these cases, a
long-range antiferromagnetic transition is found at 54 K (56 K,
for a similar high pressure (HP) phase). In the latter phases,

9528 | Dalton Trans., 2022, 51, 9522-9530

the intrachain coupling Jinea is calculated as —24 K (—18 K for
HP) from the Wagner-Friedberg model.>® In the centro-
symmetric compound BaFe®",S,, the AFM 1D chains are made
of Fe**s, with AFM SE but through edge-sharing, it exhibits a
magnetic susceptibility which fits a classical S = 5/2
Heisenberg Hamiltonian.*”

Powder sample and magnetic measurements

We have attempted to synthesize a pure powder phase.
Numerous efforts allowed the increase of the purity of the
sample and the powder XRD pattern of our best sample is pre-
sented in (Fig. 2). An impurity that could not be indexed to
known phases persists. Although the title phase is the major
phase as shown in the simulated and superimposed XRD
pattern, the impurity is significant which makes the magnetic
characterization and its interpretation difficult. Nevertheless,
we have carried out a preliminary study.

Fig. 6 shows the temperature dependence of the magnetic
susceptibilities. At around 2-3 K, a slight divergence of the
ZFC/FC is observed; however it is difficult to attribute it to a
specific phenomenon such as a spin glass state, low dimen-
sional short-range magnetic correlations and/or a complex
long-range magnetic order because of the significant amount
of the unidentified impurity. Considering the DFT calculations
which suggest that this system can be described as a low
dimensional magnetic system (S = 5/2 AFM spin chain), the
expected susceptibility for such behaviour would be a broad
maximum; however the presence of the impurity hampers its
observation. As shown in the ESI (Fig. S1f), we attempted
fitting the magnetic susceptibility which shows AFM inter-
actions dominating but it is impossible to fully interpret the
magnetic data with the amount of unidentified impurity.

Conclusion

We describe here the synthesis and the structural and physical
characterization of the new sulfide material BasFe,ZnIn,S;s. It
adopts a polar structure type isostructural with a family of
wide bandgap SHG materials, AsZnMgS; 5, containing chains of
T2-supertetrahedra and [MS,]., chains made of corner-sharing
tetrahedra. The multi-element substitution on the M-site, M =

This journal is © The Royal Society of Chemistry 2022
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In and Fe, allowed us to gain insights into the chemical specia-
tion of each cationic site highlighting the ambiguities in pre-
viously reported structures with the same structure type. In the
title phase, the magnetic high-spin Fe*" (d°) transition metal
lies in the (MS,)., chains and the Zn** cation is part of the T2
super-tetrahedra. In-depth symmetry analysis of the structure
shows that the intrinsic polarization observed in this class of
materials is mostly due to the anionic framework and most
particularly due to the S9 site.

A powder sample could be obtained but a significant un-
identified impurity hampers deep physical characterization.
Preliminary magnetic measurements reveal a divergence of the
ZFC/FC at a very low temperature around 3 K and dominant
antiferromagnetic interactions. DFT calculations suggest a
stable antiferromagnetic state with strong AFM intrachain Fe-
S-Fe super exchanges and very weak interchain Fe-S-S-Fe
coupling (via InS,). It thus represents an AFM S = 5/2 spin
chain system. A pure powder and magnetic measurements
based on single crystals are required to further investigate this
sample. It represents a promising platform to measure electric
polarization and tune the magnetic interactions toward multi-
ferroic systems.
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