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We report in here the original Ba10Fe7.75Zn5.25S18Si3O12 oxysulfide 

which crystallizes in a new structural type. Contrary to the usual 

oxychalcogenides, it crystallizes with a non-centrosymmetric 3D 

spatial network structure built from large magnetic clusters 

consisting of twelve (Fe
2+/3+

/Zn)S3O tetrahedra decorating a 

central Fe
2+

S6 octahedra and exhibiting a spin glass state. 

Mixed anion compounds frequently contain transition metals in 
unusual chemical environments and states due to heteroleptic 
coordination. These may lead to fascinating properties

1
 with new 

perspectives opened in several fields such as superconductors
2,3

. 
Among the later, Fe-based pnictide or chalcogenide layers have 
attracted much attention. Synthetic strategies based on mixed 
anions chemistry have given access to original phases

4
 and 

attractive physical properties
5
. It has also enhanced performances 

in various field of applications as photocatalysis or ionic 
conductivity

6
. In this context, oxychalcogenides are increasingly 

investigated for diverse applications such as non-linear optics
7
 or 

thermoelectrics
8
 and are also emerging as visible light water-

splitting photocatalysts
9
-

10
-

11
. It is well established that 

oxychalcogenides tend to form layered structures which is detailed 
in several reviews 

8,
 

12,13
. This is favored by the very different ionic 

radii and electronegativities of O
2-

 (= 3.44) and S
2-

 (= 2.58) which 
arrange in distinct layers. Specific cation-anion affinities also 
influence the structuration. A soft cation (more polarisable) and a 
hard cation (less polarisable) would prefer to bond to the larger 
chalcogenide and the smaller oxide anions, respectively. Such 
distinct layers can be defined as 2D building blocks. This has 
allowed the prediction of new functional compounds by stacking 
complementary layers of distinct chemical natures

14
-

15
. The polar 

layered oxysulfide CaOFeS, a member of a family including non-
linear optical materials, exhibit uncommon heteroleptic FeS3O 
tetrahedra and was investigated for magnetodielectric and 
photovoltaic  effects

16, 17
.  Other peculiar electronic and magnetic 

behaviors
18

-
19

-
20

 are found among oxychalcogenides. For instance, 
spin-glass behavior promoted by the mixed anion interactions has 
been observed in  the layered oxysulfides Sr4Mn2.91O7.40Cu2S2

21
 and 

Ba2Mn2O4Cu0.9S
22

.  Magnetic frustration is a required ingredient  on 
the observation of exotic quantum states

23
-

24
-

25
. These are often 

studied in 3D oxides with corner sharing tetrahedral lattices such as 
spinels

26
 or pyrochlores

27
. Apart from oxides, the fluoride CsFe2F6

28
 

pyrochlore and the In-diluted thiospinel CdCr2xIn2(1−x)S4
29

-
30

 are spin-
glass materials. In Bi1.8Fe1.2SbO7 

31
 pyrochlore, anion mixing trough 

fluorination led to variation of the spin glass dynamics.  

We present an original oxysulfide with a non-centrosymmetric 
3D-network involving corner-sharing tetrahedra. The structure is 
built with 0D Fe-based large magnetic clusters Fe13O12S18 diluted 
with Zn and inter-connected through silicate groups. The sulfur 
atoms provide intra-cluster bonding while oxygen atoms are 
located on the outer shell of the clusters. The material orders into a 
spin-glass state at low temperature. Such 3D networks are scarce

32
 

for oxysulfides, which are dominated by low-dimensional 
structures. Furthermore, the elementary building blocks are large 
clusters instead of the common layered building blocks found in this 
class of materials. While the layered character brings interesting 
anisotropic electronic properties, a pressure-induced 2D–3D 
structural transition allowed drastic enhancement of electrical 
conductivity and photoelectric response in Bi9O7.5S6 oxysulfide.

33
 

Here, the original Fe-based oxysulfide building block opens new 
perspectives for the design of functional phases combining oxide 
and chalcogenide anions in high dimensional structures.  

 

The new oxysulfide phase Ba10Fe7.75Zn5.25S18Si3O12 was 
synthesized trough a solid-state reaction in evacuated sealed quartz 
tube (see S1). Its structure was solved and refined using single 
crystal X-Rays diffraction (XRD) data (Table S1, S2, S3 and CCDC 
Deposition Number 2090920). The treatment of the data was 
performed with  Jana2006

34
 and charge flipping

35
 for structural 

solution and least squares method for refinement. This phase 
crystallizes in a new structural type with the unit cell parameters a = 
13.3380(1) Å and the non-centrosymmetric space group I-43m. 
Centrosymmetric trials led to unreasonable solutions. Thus, 
inversion twinning was allowed to refine, resulting in a Flack 
Parameter of 0.04 (8), indicating that the measured crystal was 
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single domain. Energy dispersive X-Rays analysis on single crystals 
led to the average atomic ratio 23.7/16.33/13.2/7.03/39.76 for 
Ba/Fe/Zn/Si/S, respectively. This is in good agreement with the 
composition found at the end of the refinement, i.e. 
22.7/17.6/11.9/6.8/40.9. In particular the Zn/Fe distribution was 
determined to 0.56(3)/0.44(3) at the Fe2 site, see Table S2. The 
structure can be described as a 3D framework formed by repetitive 
0D units. The later are interconnected along the three 
crystallographic directions trough Si

4+
 bridges. The Si

4+
 form silicate 

groups having their oxygen atoms shared with the clusters. 

 
Figure 1. a) View of the unit cell of Ba10Fe7.75Zn5.25S18Si3O12. b) The octahedra FeS6. c) 

Three heteroleptic tetrahedra FeS3O connected by sharing S3, d) connection of a) and 

b). e) the magnetic cluster Fe1(Fe/Zn)12O12S18 with (Fe,Zn)S3O tetrahedra, FeS6 

octahedra and SiO4 groups in purple, blue and green respectively; Ba, O and S atoms 

are represented in grey, red and yellow respectively.  

These elementary cluster units (Fig.1 and 2) are composed of one 
octahedron Fe1S6 (Fig.1.b) decorated by twelve heteroleptic 
tetrahedra (Fe2/Zn1)S3O (Fig.1.c) arranged into four trimers. Thus, 
defining a complex arrangement of (Fe1(Fe/Zn)12O12S18) magnetic 
clusters, see Fig.1.d and e. In the tetrahedra (Fe/Zn)S3O,  Fe2(Zn1) is 
coordinated to two different types of anions with  dFe2-S2= 2.311(2) 
Å, dFe2-S3= 2.332(2) Å and dFe2-O1= 1.972(6) Å. The anionic 
segregation is such that the sulfur atoms provide intra-cluster 
bonding while oxygen atoms are located at the outer shell of the 
clusters and linking them through Si

4+
 bridges. The observed 

environments follow well the Pearson’s HSAB theory. Then one can 
explain why a 3D structure is obtained in this particular case. 
Considering the coordination polyhedra stable in this structure 
Fe

2+
S6, (Fe/Zn)S3O and SiO4, the cluster arrangement allows fulfilling 

the coordination preferences: FeS6 at the core shares sulphur with 
the surrounding Fe/ZnS3O which point their unique apical oxygen 
outside the cluster to bond with the Si

4+
, the later having the 

strongest affinity for oxygen. 

Similar heteroleptic FeOS3 are present in the layered  oxysulfide 
CaFeSO

16
 where they share corners to build layers separated by 

calcium sheets; similarly, CaOZnS
36

-
37

 contains tetrahedral ZnOS3. 
This Fe(Zn) environment remains uncommon. It is also found in the 
distinct structural type of SrFe2S2O

38
 and BaFe2S2O

39
 with more 

complex layers involving both tetrahedral corner and edge sharing. 
The Fe1S6 octahedra are connected to the tetrahedral FeOS3 and 
characterized by a longer bonding distance (dFe1-S2= 2.559(3) Å) than 
in FeOS3 (dFe2-S2= 2.311(2) Å, dFe2-S3= 2.332(2)) Å consistently with 
the calculated Fe

2+
 oxidation state. Regarding the mean oxidation 

state Fe
+2.26

 in the phase, it is consistent with the charge 
distribution deduced from the XPS and magnetic analysis shown 
later. The clusters are separated by SiO4 (Fig.2) groups by sharing all 
oxygen corners of (Fe/Zn)S3O with dSi1-O1= 1.628(5) Å. Each silicate 
group is connected to two different clusters. Ba

2+
 are located in the 

voids and their arrangement is shown and discussed in Fig.S1.  

A high purity powder could be obtained from the refined 
composition after many synthetic efforts. The Rietveld refinement 
based on the single crystal structure model converged with the unit 
cell parameter a = 13.3350 (1) Å and the reliability factors Robs = 
0.0323, wRobs = 0.0384, Rall = 0.0328, wRall = 0.0388 and GOF = 3.29. 
The results are consistent with the single crystal data (see SI), 
Fig.S2, Tables S6-S7). A few low intensity peaks are found with the 
majority phase and could not be indexed with certainty with any 
existing phase. They do not indicate any straightforward symmetry 
change compared to the single crystal refinement either. 
Nevertheless, regarding the minor contribution of those peaks, we 
used our highest purity powder for the physical measurements 
keeping on mind the presence of a minor impurity for the 
interpretation.  

 
Figure 2. Representation of how clusters connect each other through the (SiO4) groups. 

(Fe/Zn)OS3, SiO4 and FeS6 polyhedra are represented respectively in purple, green and 

blue. Only the central cluster is fully represented to highlight the inter-clusters 

connection, Ba atoms are also omitted for clarity 

In order to confirm the presence of both charges in (Fe
2+/3+

)S3O 
tetrahedra and the general Fe charge distribution, Fe-2p core level 
spectrum was examined. Reference data was taken on both vacuum 
fractured pyrrhotite (Fe7S8) and air-oxidized pyrrhotite as reported 
by Pratt et al.

40
. In this study, Fe7S8 multiplet structure was 

generated based on theoretical p core levels multiplet structures 
for free transitional metal ions calculated by Gupta and Sen

41
 and 

compared to the work of McIntyre and Zetaruk
42

 on Fe(II) and Fe(III) 
ions in iron oxides. The calculated, integrated envelope (red line) is 
a reasonable fit to our experimental data, thus confirming the 
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presence of mixed cation charge Fe
3+

/Fe
2+

. The major Fe(II) peak 
has a binding energy of 708.6 eV, which is similar to fitted Fe(II)-S 
bonded peak binding energy of Fe7S8 from Pratt et al., but slightly 
shifted to higher binding energy.  Whereas the binding energy of 
the main Fe(III) peak is 710.4 eV, which is similar to the fitted Fe(III)-
O binding energy of α-Fe2O3 from McIntyre and Zetaruk which was 
711.0 eV, although the Fe(III) peaks are slightly shifted to lower 
binding energies. The fact that Fe(III) peak have been shifted to 
lower binding energies as compared to those observed for pure Fe 
(III) oxides, and that Fe(II) peak have been shifted to higher binding 
energies as compared to those observed for pure Fe(II) sulfides 
reflects the mixed Fe-S/Fe-O coordination in our system for both 
Fe(II) and Fe(III) species. Indeed, the percentage of the total signal 
derived from Fe(III) components in the spectrum is 36 %, whereas 
the expected distribution of iron in Ba10Fe7.75Zn5.25Si3S18O12 
corresponds to 25 % of total iron with Fe

3+
 oxidation state (2*Fe

3+
 

and 5.75*Fe
2+

 ; 1*Fe
2+

 in the octahedral site). This suggests that 
some Fe(II) (S or O bonded) in the near-surface has been oxidized to 
Fe(III) and bonded to oxygen.  

 
Figure 3.  a) Fe 2p3/2 XPS spectrum of the Ba10Fe7.75Zn5.25S18Si3O12 sample (squares 

symbols). The green solid lines correspond to Fe(II) (multiplets and satellite), the blue 

dotted lines correspond to Fe(III) (multiplet structure). The solid red line represents the 

calculated integrated fit. b) Temperature-dependent resistivity of 

Ba10Fe7.75Zn5.25S18Si3O12, ln(ρ) versus T-1 is fitted and shown as inset. 

Figure 3b shows the temperature dependence of the resistivity 
for Ba10Fe7.75Zn5.25Si3S18O12 which is typical of a semiconductor. The 

resistivity curve can be well fitted with the relation ρ      
  

    
 , 

where    is the semiconductor band gap and kB is the Boltzmann’s 
constant, leading to    = 0.4 eV.  The zero field-cooled/field cooled 
(ZFC/FC) magnetic measurements under a 1000 Oe field are shown 
in Fig. 4a and Fig. 4b. The ZFC exhibits a maximum ∼2.6 K and 
diverges from the FC data below this temperature. The inverse ZFC 
data were fit between 150 and 300K with the Curie−Weiss law, 1/χ 
= T/C–θcw/C, resulting in a large negative value θcw = -343.9 K 
indicating strong antiferromagnetic (AFM) interactions between Fe 
ions, and C = 25.075 emu.K.mol

−1
. The effective moment μeff = 5.09 

μB/Fe shows good agreement with the expected theoretical value 
for the refined distribution of high spin (S = 2) Fe

3+
 and (S = 5/2) 

Fe
2+

. Indeed, the calculation of the effective moment of 7.75 iron 
atoms per formula unit (2*Fe

3+
 and 5.75*Fe

2+
) leads to 5.16 μB/Fe, 

close to the experimental value of 5.09. The value│(Tcw)/TN│≈ 137.2 
indicates a strong frustration

43
 close for instance to the frustration 

parameter ≈135 of SrGa12−xCrxO19
44

. The evolution of Tf as a function 
of the applied magnetic field (Fig. 4c) is well-fitted with the 
Almeida-Thouless relation

45
 (Fig. 4d) which is a good indicator for a 

spin-glass transition. 

    AC magnetic susceptibility confirmed the spin-glass transition, 
as shown in Fig. 4.e. The temperature dependence of the real part 
of the AC susceptibility at different frequencies with zero external 
DC magnetic field and an oscillating field of 16 Oe, shows a typical 
temperature shift of a spin-glass. The AC susceptibility is frequency-

dependent and has a nonzero imaginary component. It could be 
modeled by the Vogel−Fulcher law

46
-

47
  ω= ω0 exp[−Ea/kB(Tf− T0)], 

where ω0 is the characteristic frequency fixed to typical values for 
spin-glass following reported procedures

48
, Ea is the activation 

energy, kB the Boltzmann constant, Tf the freezing temperature and 
T0 the Vogel-Fulcher temperature that gives a measure of the 

interaction effect. Tf should be in proportion to 1/ln(/0) for a 
spin glass. A linear variation is indeed obtained for each frequency. 
The fits to the data give T0 from 1.36K to 2.21K (Fig. 4f, Table S8) in 
good agreement with the freezing temperature found by DC. For 
these values, t* = (Tf-T0)/Tf is found in the range 0.15-0.48; t* above 
0.15 is common for cluster spin-glass materials

48,49
. 

 
Figure 4. a) zoom of ZFC/FC at low temperature. b) ZFC/FC dc magnetic susceptibility 

with 1/χ fitted between150-300K.  c) Evolution of Tf as a function of the applied 

magnetic field and d) the Almeida-Thouless fit. e) χ’(T) measured at several fixed 

frequencies. f) Vogel-Fulcher fit with different fixed 0/2 in the typical range 109–

1013Hz for spin-glass. 

 Comparatively, the layered CaOFeS and spin ladders Ba(Sr)Fe2S2O 
phases described above show a partial long range AFM ordering 
and (canted)-AFM ordering respectively. The behavior of CaOFeS is 
related to its frustrated triangular sheets and shows complex 
magnetodielectric effects 

16,17,50
. The later phases are remarkable 

examples of 2D magnetic units based on FeS3O entities. The 
Ba5Fe6+xS4+xO8 

51
 phases represent another type of oxysulfide with 

spin-glass members and a complex structure with distorted FeS4O2 
and FeS2O4 octahedral perovskite sub-units forming tunnels 
partially occupied by Fe and S. In the title phase, we observe a new 
and remarkable arrangement of the FeS3O tetrahedra combined to 
decorate one Fe

2+
S6 octahedra to form large magnetic clusters. 

Note that distinctly, magnetic clustering is known for ions without 
forming distinct entities such as in the Zn-diluted frustrated lattice 
Zn3V3O8

52
 or in Ba9V3S15

53
. Despite strong AFM interactions in our 

phase, frustration raises from competing intra-cluster interactions 
and Zn disturbing magnetic exchanges.  

The properties discussed above are coherent with the complex 
magnetic exchange paths (Fig. S4, Table S5) involving mixed 
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valence. The magnetic paths J1-J6 are discussed in the SI. Intra-
cluster magnetic interactions are mediated trough sulfide anions 
while weaker inter-cluster super-super exchanges involve oxide 
anions. 

 

The original cubic non-centrosymmetric oxysulfide 
Ba10Fe7.75Zn5.25S18Si3O12 shows a 3D-structure made of large diluted 
magnetic clusters, therefore standing apart from more commonly 
encountered layered oxychalcogenide. This partially charge-ordered 
phase presents strong AFM interactions with a spin-glass state 
arising from cluster geometry and disorder.  It provides an 
exceptional new structure type and a rich playground for exotic 
physics. 
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