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1. Details of single crystal XRD measurement and refinement

Single crystals were mounted in Paratone® crystallographic oil according to the reported 
procedure,S1 and measured using a Bruker D8 Venture diffractometer with a Photon 100 
CMOS area detector at 100 K with Mo-Kα radiation (λ = 0.71 Å). Using Olex2S2 the solid-
state structure was solved by ShelXTS3 and refined using the ShelXL software.S4 Figures of 
the structure were depicted with DIAMOND 4.5.2.S5

Crystal data: 1 (186.99 g·mol−1) crystallises in the orthorhombic space group: Pnma, 
a = 7.1219(4) Å, b = 10.9301(6) Å, c = 11.4840(7) Å, V = 893.95(9) Å3., T = 100(2) K, 
ρcalc = 2.654 g·cm–1, µ(Mo Kα) = 5.485 mm–1, GooF = 1.141, Rint = 0.0896, Crystal Dimensions 
(mm3) = 0.152 × 0.0.097 × 0.0.094, 19979 reflections collected (5.146° < 2Ɵ < 61.65°) Multi-scan 
absorption correction was applied with SADABS.S6 The final refinement values were R1 = 0.0428 
(I > 2 σ(I)), and wR2 = 0.0724 (all data). 

Full data of the refinement details are provided in tables S1 to S3.
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Table S1. Fractional atomic coordinates (×104) and equivalent isotropic displacement 

parameters (Å2×103) for compound 1. Ueq is defined as of the trace of the orthogonalised 

1
3

 

UIJ tensor
Atom x y z Ueq

Fe1 4484.6(7) 6230.1(5) 5317.9(5) 5.91(12)
K2 –825.5(16) 7500 2690.2(10) 7.7(2)
K3 9378.5(11) 9247.4(7) 6382.8(7) 10.07(16)
S4 5957.0(18) 7500 6597.2(12) 7.2(2)
S5 2103.1(17) 7500 4672.6(12) 7.2(2)
S6 3444.7(13) 4442.0(8) 6129.5(8) 7.25(17)

Table S2. Anisotropic displacement parameters (Å2×103) for compound 1. The anisotropic 
displacement factor exponent takes the form: -2π2[h2a·2U11+2hka·b·U12+…]
Atom U11 U22 U33 U23 U13 U12

Fe1 6.1(2) 5.2(2) 6.4(2) 0.20(19) –0.02(19) −0.04(18)
K2 8.0(5) 8.1(5) 7.2(5) 0 –0.7(4) 0
K3 10.1(3) 11.5(4) 8.6(4) −0.2(3) 0.4(3) −2.7(3)
S4 6.5(5) 6.9(5) 8.4(6) 0 −0.9(4) 0
S5 6.0(5) 9.3(6) 6.3(6) 0 –0.5(5) 0
S6 8.4(4) 5.6(4) 7.7(4) 0.6(3) 2.0(3) 0.0(3)

Table S3. Bond lengths for compound 1 (Å)
Atom Atom Length Atom Atom Length 
Fe1 Fe1 2.7760(10)  K2 S5 3.0886(18)
Fe1 Fe1 2.8814(10)  K2 S5 3.0876(17)
Fe1 K2 3.7294(12)  K2 S6 3.1341(12)
Fe1 K3 3.8254(10)  K2 S6 3.2547(13)
Fe1 K3 3.7305(10)  K3 K3 3.8199(16)
Fe1 K3 3.8720(10)  K3 K3 3.6848(16)
Fe1 K3 3.8720(10)  K3 S4 3.2082(14)
Fe1 S4 2.2770(12)  K3 S4 3.1059(13)
Fe1 S5 2.3135(11)  K3 S5 3.3571(14)
Fe1 S5 2.2884(10)  K3 S5 3.2439(12)
Fe1 S6 2.3404(11)  K2 K2 3.5231(13)

2. Details of powder XRD measurements and Rietveld refinement
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Sample preparation: The samples were prepared on self-printed sample holders as 
reported previously.S1

Measurement: The phase identification, purity, degree of crystallinity, and crystallite size 
of 1 were investigated using powder X-ray diffraction technique, performed on a Malvern 
Panalytical Empyrean diffractometer equipped with a PIXcel 1D detector using Cu-Kα 
radiation (λ = 1.54 Å) at room temperature in reflection mode.

 

Rietveld structure refinement: The PXRD pattern was refined based on Rietveld structure 
refinementS7 using GSAS IIS8 software. During the refinement, the PXRD diffractogram was 
refined with the structural parameters regarding background, atomic temperature factor, 
preferred orientation, zero shift, micro strain, and crystallite size. To reach these aims, in 
the first step the background is detected based on inverse Chebyschev function. After that, 
the diffractometer type and related parameters are refined based on the Bragg-Brentano 
mode, and finally the PXRD diffractogram is refined according to the crystallographic 
information file (CIF) of the pure phase of 1 obtained from the single crystal measurement. 

For more clarification, the list of main detected reflection in PXRD analysis and the indexes 
of the corresponding crystal planes are provided in table S4.

Table S4. List of the main detected reflections and the indexes of the corresponding crystal 
planes
No. h k l 2ϴ (°)
1 1 3 2 14.376
2 2 0 3 15.578
3 0 4 2 16.469
4 3 0 5 24.741
5 2 6 2 26.179
6 2 6 3 27.381
7 2 2 7 28.422
8 1 8 1 30.760
9 1 5 7 35.061
10 5 0 4 35.945
11 3 7 2 42.315
12 2 8 1 44.577
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3. Details of thermal analyses

Thermal analyses including DSC and TG measurements were conducted under nitrogen 
atmosphere in an alumina crucible, using a STA 449 F3 Jupiter® thermal analyser with a 
SiC-oven and TG-DSC-sample carrier type S. TGA and DSC measurements were carried out 
under N2-flow (20mL·min−1) in alumina crucibles. The measurements were carried out on 
the sample (27.8 mg) by heating in the range of room temperature to 1023 K and then 
cooling down to the starting temperature, while both heating and cooling rates are 3 
K·min-1. 

Figure S1. DSC profile of 1 (in blue), TG Profile of 1 (in green), and the plot of temperature 
variation as a function of measurement time (in red). Heating and cooling rates in all 
measurement are 3 K·min−1.

4. Details of infrared (IR) spectroscopy

A fine powder of 1 (approx. 50 mg) was placed on the diamond sample holder of the 
spectrometer inside a glovebox. Infrared spectroscopy measurements were performed 
using a Bruker Alpha ATR-IR-spectrometer.
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The IR spectrum (Figure S1) display four main absorption bands in the range of 1015-460 cm–1. 
However, the absorption bands of Fe-S are expected at wavenumbers lower than 400 cm–1 which 
lie outside of the measurement range.S9

 

Figure S2. Infrared spectrum of 1 measured in the range of 4000-400 cm–1. 

5. Magnetic measurements

Sample preparation: Samples of 1 were prepared as a fine powder (approx. 15 mg) in 
microcapsules of polyethylene. 

Measurement: The samples were pressed into a brass holder, inserted into the 
magnetometer, a superconducting quantum interference device (MPMS-7T Quantum 
Design), and measured under a helium atmosphere in the temperature range of 2-400 K.  
M-H curves were measured at different temperatures under an applied field of 5.00 T. 
Temperature-scan measurements (FC/ZFC) were done under an applied field of 0.50 T. 
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The close-up view of the field dependent magnetisation curve (Figure S2) shows a shift in the 
average point of the coercivities of the curves to the positive field direction (right side), at both 
temperatures of 3 and 300 K. However, the shift value of the M-H curve at 3 K (2.2 mT) is higher 
than that of the curve at 300 K (0.7 mT), indicating the existence of a weak exchange bias field at 
low temperatures.

 

Figure S3. Close-up view of the field dependent magnetisation curve as a function of the applied 
field at 3 and 300 K.

6. Dielectric and impedance measurements

Sample preparation: To measure electrical properties of the compound, the bulk samples 
(pellets) were prepared and sintered at appropriate temperatures. Pellets were prepared 
by filling a cylindrical pressing mould (diameter: 13 mm; height: 38 mm) with a very fine 
powder of 1 (approx. 400 mg), sealed with electrical tape and parafilm©, and pressed with 
up to 80 kN·cm–2 with a uniaxial hydraulic press under Ar. The pellets were transferred 
into alumina crucibles inside a silica glass ampoule and sintered at either 723, 823, or 923 K 
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for 15 h in an electrical tube furnace. After the sintering, the pellet dimensions were 
12 mm in diameter and 2 mm in height. Both sides of the pellets of 1 were covered with 
silver conductive adhesive paste (abcr, sheet resistivity <3.8×10–3 Ω·cm–1, for a layer 
thickness of 3.8×10–4 cm) as the electrodes and treated at 423 K for 60 minutes in an 
electrical furnace.

Measurements: To calculate the dielectric constant, the main characteristics, such as 
capacitance C and dielectric loss D were measured by using a LCR meter (ET4410, East 
Tester). All measurements were carried out at the frequency range of 0.10 to 100 kHz by 
applying the field of 1 V. The dielectric constant values were calculated based on the 
following equation.35 

                                                              (S1)κ = C d ɛ - 1
0 A - 1

where C is the measured capacitance, A is the area of the electrode plates, d is the distance 
between the electrodes, and ɛ0 is the permittivity of the vacuum (8.85 ×10–12 m–3kg–1s4A2). 
Real and imaginary parts of complex impedance, Z’ and Z’’, were measured using the 
electrochemical impedance analyser (EIS, BioLogic MTZ-35) at room temperature under 
100 mV sine phase at the frequency range of 10 mHz to 1 MHz. For fitting the trend line 
on the experimental data, the EC-Lab software package (BioLogic, V 11.0) was used. 

To verify the reliability of the dielectric measurements, a commercial sample of BaTiO3 (BTO, 
>99%, abcr) was prepared as a pellet and investigated according to the reported methods,S10 
which confirmed the reliability of the measuring techniques. S11-S13 

7. Details of SEM/EDX measurements

Finely ground powder of 1 (10 mg) was attached to the surface of measurement stubs 
using carbon stickers and coated with a carbon film to avoid charge accumulation on the 
surfaces. Samples were transferred to a Zeiss Sigma 300VP field emission scanning electron 
microscope (FE-SEM), coupled with two Bruker, Quantax Xflash 6, 60 mm2, SSD, EDX detectors. 
For microstructural investigations, SEM imaging was done on the cross section of the sintered 
pellets using the secondary electron detector. For EDX measurements an optimal working 
distance of 8.5 mm, a beam aperture of 60 micrometer and a beam energy of 20 kV was used. 
The Bruker Esprit 2.1 software was used to perform standardless EDX measurements and to 
quantify the data. Point EDX measurements were performed for two different samples at selected 
locations on the sample as well as EDX maps over an area of the sample.
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8. Details of UV-Visible spectroscopy

In the range of 200 to 1400 nm, optical absorption was measured on a Varian Cary 5000 
UV/VIS/NIR spectrometer by using a Praying Mantis™ accessory from Harrick. The optical 
band gap of 1 was estimated using Tauc plot by application of the Kubelka-Munk 
function.S14

The optical band gap of the compound was determined using a Tauc plot (Figure S3) calculated 
from the results of UV-Visible measurements. The shape of the curve indicates the indirect type 
of the band gap, while the extrapolated intercept with the x-axis (energy values) shows the 
approx. value of the band gap.

 

 Figure S4. Calculated Tauc plot using UV-Visible spectroscopy to determine the indirect optical 
band gap for compound 1. The calculated band gap lies around 2.00 eV (red arrow).

9. Quantum chemical calculations

Density functional theory (DFT) calculations of the electronic and optical properties were carried 
out based on the strongly constrained and appropriately normed meta-generalized gradient 
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approximation (SCAN) functional,S15 as implemented in the Vienna ab initio simulation package 
(VASP).S16

All structures were fully relaxed with a plane-wave basis set cut-off energy of 520 eV until the 
residual atomic forces were below 0.001 eV·Å–1. The Brillouin-zone (BZ) was sampled with a 
Monkhorst-Pack scheme k-grid corresponding to a k-spacing of 0.2 Å–1 for the relaxations. In 
order to account for the self-interaction error, an on-site U based on the Hubbard model,S17-S19 
was applied to the Fe orbitals.

A series of DFT+U calculations were carried out with U values 2.0, 2.5, 3.0 and 3.5 eV before 
selecting a U parameter of 2.5 eV that best described the electronic and magnetic properties of 
the material. The band structures were plotted along the high-symmetry lines in the BZ and the 
energies were shifted to align the Fermi level with zero.

The projected electronic band structures of 1, calculated using quantum chemical calculations, 
predict an asymmetric band structure for the spin-up and spin-down contributions. The iron ions, 
particularly Fe-d orbitals, have a main role in both spin up and down contributions (Figure S4), as 
can be determined from the element- and orbital-resolved DOS plots (Figures S5 and S6). 
  

 Figure S5. Left frame: The electronic band structure of 1 calculated by quantum chemical 
calculations. Solid lines: Spin up contribution. Dotted lines: Spin-down contribution. The Fermi 
level is shifted to zero on the energy scale. Right frame: The density of states, DOS, of 1 calculated 
by quantum chemical calculations.
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Figure S6. The element-resolved density of states of 1 calculated by quantum chemical 
calculations.

Figure S7. The Fe orbital-resolved density of states of 1 calculated by quantum chemical 
calculations.
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