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esis of mixed valence K3[Fe2S4]
with high dielectric and ferrimagnetic
characteristics†

Mohammad R. Ghazanfari, a Archa Santhosh, b Johannes C. Vrijmoed, c

Konrad Siemensmeyer,d Bertram Peters,e Stefanie Dehnen, e Paul Jerabek b

and Günther Thiele *a

High yields of phase-pure K3[Fe2S4] are obtained using a fast, straight-forward, and efficient synthetic

technique starting from the binary precursors K2S and FeS, and elemental sulphur. The compound

indicates soft ferrimagnetic characteristics with magnetization of 15.23 A m2 kg−1 at 300 K due to the

mixed valence of FeII/FeIII. Sintering at different temperatures allows the manipulation of the

microstructure as well as the ratio of grains to grain boundaries. This results in a variation of dielectric

and impedance properties. Samples sintered at 923 K demonstrate a dielectric constant (k) of around

1750 at 1 kHz, which lies within the range of well-known high-k dielectric materials, and an ionic

conductivity of 4 × 10−2 mS cm−1 at room temperature. The compound has an optical band gap of

around 2.0 eV, in agreement with tailored quantum chemical calculations. These results highlight its

potential as a material comprising non-toxic and abundant elements for electronic and magnetic

applications.
Introduction

The growing implementation of microelectronic technology in
day-to-day life applications results in an increasing demand for
quantum materials with novel properties and high perfor-
mances, with a recent focus on spintronic applications.1 Spin-
tronic materials are commonly designed as multi-layer
“sandwich” composites of magnetic or non-magnetic lms with
the degree of freedom of the electron spin having an important
role in the materials' performance.2 Distinctly, a higher spin
polarisation leads to an increased performance in the applica-
tions, such as faster data processing, lower energy consump-
tion, and higher circuit density.2 Some ferromagnetic and
ferrimagnetic materials can potentially display 100% spin
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0521
polarisation near the Fermi energy level, indicating an
outstanding performance for spintronics.3

The correlation of electronic and magnetic characteristics of
materials is a crucial point for spintronic applications. Ferro-
magnetic and ferrimagnetic materials such as Heusler alloys,4

zinc blende compounds,5,6 and magnetic ceramics7,8 provide
a combination of both electronic and magnetic properties,
introducing ideal candidates for the spintronic applications.3,8,9

Beside the electronic and magnetic behaviours, the impact
of resource mining on the environment, as well as the produc-
tion costs are further challenging aspects in the development of
new materials.10 In recent years, the design and synthesis of
quantum materials consisting of environmentally and ecologi-
cally friendly components has attracted considerable attention
in different elds of chemistry, physics, and materials engi-
neering. To tailor and improve the electronic, dielectric, and
magnetic properties of materials, different approaches such as
manipulation of microstructures, hybridization of compounds,
and doping of modier additives are introduced.11–13 Due to
abundant resources of sulphur and iron, ternary sulphido fer-
rate compounds, comprising [FexSy]

q−-anionic or -polyanionic
substructures, are one of the most promising cost-effective and
non-toxic materials for potential applications such as semi-
conductors, superconductors, sensors, and magnetic storage
devices.14,15 Iron-based chalcogenide families are the most
available and practical compounds with straightforwardly
adjustable electronic and magnetic characteristics.16,17
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Representation of the crystal structure of 1. (a) Edge-sharing
[FeII/IIIS4]

n−-tetrahedra. (b) and (c) Zigzag chain of anionic substruc-
tures depicted in [001] and [010], respectively. (Inset) Optical micros-
copy photograph of the obtained single crystals of 1 covered by
Paratone® oil at 80× magnification. Selected bond lengths (Å) and
angles (°): Fe–S = 2.2770(12)–2.3404(12), K–S = 3.0876(17)–
3.3571(14), and S–Fe–S = 100.47(8)–111.11(9) at 100 K, and Fe–S =
2.282(3)–2.346(3), K–S = 3.105(5)–4.491(4), and S–Fe–S =

100.25(10)–115.08(12) at room temperature.
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All literature reported alkali metal sulphido ferrates with
one-dimensional anionic sublattices, such as A[FeS2]18 and A
[Fe2S3]19 (A = Na, K, Cs), A8[Fe4S10] (A = Rb, Cs),20 Na2[FeS2],21

Na7[Fe2S6],21 and K7[Fe5S10]22 comprise connected [FeS4]-
polyhedra with resulting substructures of a linear chain.
However, K3[Fe2S4] (1),23 and its isotypic homologues
Na3[Fe2S4],24 Rb3[Fe2S4],23 Cs3[Fe2S4],23 Na3[Fe2Se4],25

K3[Fe2Se4],26 and Cs3[Fe2Se4]27 exhibit a zigzag-arrangement of
edged-shared [FeS4/2]-tetrahedra (Fig. 1). The resulting chain
sub-structures contain mixed-valence Fe in the oxidation state
of II and III. As the main driving force to investigate K3[Fe2S4],
the zigzag motif of anionic sublattice in addition to the pres-
ence of mixed-valence iron ions could synergically provide
stronger interatomic interactions and possibly improve the
magnetic and electronic properties. This series of compounds
crystallise in the orthorhombic space group Pnma with four
molecular units per unit cell.

The original synthesis of 1 was reported by Bronger et al. in
1994, heating potassium carbonate, elemental sulphur and
iron, to 930 K for 20 hours in a continuous ow of hydrogen.23

The yield, purity, and side products of the synthesis are not
reported, although the formation of alkali metal sulphates,
hydroxides, and polysulphides as side products would be ex-
pected due to the use of an excess of potassium carbonate and
sulphur in the initial stoichiometry. The formation of water
according to the reaction equation in Scheme 1, suggests at
least a partial formation of iron oxides and hydroxides. To the
best of our knowledge, no characterisation of 1 beyond the
structural description, nor a synthetic approach for phase-pure
material has been reported yet.
Scheme 1 Idealized reaction equation of the reported synthesis of 1.
Alkali metal carbonate and sulphur were used in two- to three-fold
excess which are not considered in the equation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Herein, we describe the hitherto unreported electrical,
optical, and magnetic properties of 1, including a straight-
forward synthesis to yield multi-gram batches of phase-pure 1.
Result and discussion
Synthesis and structural characterisation

Intimate mixture of stoichiometric amounts of K2S, FeS, and
elemental sulphur in a silica glass ampoule is heated to approx.
1200 K for ve minutes to yield pure 1 without further puri-
cation necessary. The yield is quantitative with up to 50 g iso-
lated per batch, only limited by the size of the ampoule. The
product is a dark green powder with a metallic shimmer.
Powder of 1 is sensitive to air and moisture and needs to be
handled under inert atmosphere. Single crystals of 1 were ob-
tained as metallic green plates by solvothermal treatment of the
crude product in ethylenediamine at 423 K for 48 hours. In
accordance with the literature, the crystallographic renement
conrms the space group Pnma.23 The lower measurement
temperature of 100 K in this work, results in the slightly
shortened unit-cell parameters and bond lengths compared to
the measurement temperature of 295 K, which was used in 1994
(in brackets): a = 7.1219(4) Å (7.157(3) Å), b = 10.9301(6) Å
(10.989(4) Å), c = 11.4840(7) Å (11.560(4) Å), V = 893.95(9) Å3
Fig. 2 (a) Powder X-ray diffraction (PXRD) diffractogram (blue)
compared to the Rietveld simulated pattern (red). (b) EDX spectrum of
1. High resolution backscattered electron image obtained with a field
emission scanning electronmicroscope (FE-SEM) with beam energy of
20 kV.

RSC Adv., 2022, 12, 30514–30521 | 30515
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Fig. 3 (a) Field-dependentmagnetisation hysteresis curves at different
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(909.17 Å3). Full details on the structure solution and rene-
ment are available in the ESI.†

Rietveld renement of the powder X-ray data (Fig. 2a)
ascertains the phase-purity of the compound with a degree of
crystallinity of 96.5% � 2% and an average crystallite size of
465 nm � 3%. The list of main detected reections in PXRD
analysis (conducted at room temperature) as well as indexes of
corresponding crystal planes are provided in the ESI, Table S4.†
The chemical composition and homogeneity were conrmed by
energy dispersive X-ray spectroscopy (EDX) coupled with scan-
ning electron microscopy (SEM) measurements (Fig. 2b). The
obtained chemical stoichiometry based on EDX results is
K3.09[Fe2.01S4] which is comparable to the ideal stoichiometry of
3 : 2 : 4.

The infrared spectrum of 1 indicates four weak absorption
bands in the wavenumber range of 1015 to 460 cm−1 (see the
ESI†). The absorption bands of Fe–S are expected at wave-
numbers lower than 400 cm−1 and do not lie within the
measurement range.28

The thermal behaviour of 1 was investigated using differ-
ential scanning calorimetry (DSC) coupled with a thermogravi-
metric analysis (TG). The TG prole (Fig. S1†) displays
a negligible mass loss of 0.27% upon heating to 1023 K, indi-
cating the mass stability of 1. Endothermic and exothermic
events at around 950 K in the heating and cooling scans,
respectively, can be attributed to the melting point.
temperatures using applied fields of up to 5.00 T. (Inset) Close-up view
of the curve at 300 K. (b) Temperature-dependent magnetisation
curves. FC (blue) and ZFC (red) curves under an applied field of 5 mT.
Right axis: FC (grey) curve of c−1 variations as a function of tempera-
ture under an applied field of 5 mT. Black dotted lines: fitting lines with
the Curie–Weiss law.
Magnetic properties

In 1, due to charge compensation considerations, assuming
common oxidation states of potassium (+1) and sulphur (−2),
the formal oxidation state of iron will be +2.5 which would
suggest a mixed-valent combination of +2 and +3. Crystallo-
graphically, those are undistinguishable since they tend to
occupy equal positions in the structure. However, the magnetic
studies on the isotypic structures of Na3[Fe2S4] and Na3[Fe2-
Se4],29 suggest the co-existence of FeII and FeIII. Due to the
mixed-valence nature of the iron ions in 1, magnetic properties
were investigated based on the eld-dependent magnetisation
curves at the temperatures of 3 and 300 K.

According to the trend of the magnetisation curve as
a function of the applied eld (Fig. 3a), both curves indicate
narrow hysteresis loops with coercivity values of around 2 mT
and 3 mT, as well as remanence values of around 0.1 and 0.3 A
m2 kg−1, at 3 and 300 K, respectively. The relatively low values of
coercivity and remanence can be considered as a sign of so
ferrimagnetic behaviour of the material. However, these values
are higher those obtained for other potassium suldo ferrates
(II or III).19,30 Such an increased magnetisation can be explained
by the co-existence of FeII and FeIII ions and the resulting
exchange mechanisms. Direct exchange and superexchange can
create the magnetic domains with a coercivity and a remanence.
Both mechanisms rely on a suitable distance between the
magnetic ions. According to a Fe–Fe distance of 2.78(19) Å along
the [FeS]-chains in 1, a direct exchange can be considered as the
main magnetic interaction.31 This mixed-valence situation is
supported by the ferrimagnetic ordering observed in 1.
30516 | RSC Adv., 2022, 12, 30514–30521
The magnetisation value of 1 (15.23 A m2 kg−1 at 300 K) lies
in the range of 3d transition metal ferrites with inverse-spinel
crystal structures, such as CoFe2O4 (41 A m2 kg−1),32 NiFe2O4

(19.97 A m2 kg−1),33 andMnFe2O4 (17.4 A m2 kg−1),34 as the well-
known ferrimagnetic compounds, although the magnetization
mechanism could be signicantly different due to the dissimi-
larities in the crystal structure and coordination chemistry.

Materials with such a magnetisation value are frequently
employed in numerous magnetic-based applications such as
energy storage technologies,35 water treatment,36 catalysts,37 and
biomedical therapeutic applications.38

The temperature-dependent magnetic measurements of zero
eld cooled (ZFC) and eld cooled (FC) were performed under
an applied eld of 0.5 T, indicating the decrease in magnet-
isation as a function of increasing temperature (Fig. 3b). The
separated curves of FC and ZFC with the irreversible bifurcation
temperature of around 320 K indicate an internal magnetic
disorder, which could be caused by tiny amount of phase
impurity (non-detectable by XRD), crystal defect, or geometrical
magnetic frustration.39 Crystal defects such as vacancies can
create a localized magnetically disordered area within the
structures and introduce a deviation from ideal ferrimagnetic
ordering. In addition, geometrical magnetic frustration can
occur in special geometrical motifs with odd numbers of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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magnetic moments, for example, in the vicinity of vacancies or
near to the surface of the material.39

Magnetometry results depict the so ferrimagnetic charac-
teristic of 1, which is in agreement with the reported behaviour
for the isotypic structures of Na3[Fe2S4] and Na3[Fe2Se4].29

However, there is no report on the quantity of magnetization for
these compounds.

The ferrimagnetic properties of 1 can be assumed to arise
from the antiparallel alignment of two magnetic sublattices
including the FeII and FeIII ions with different magnitudes of
the magnetic moments. In addition, the curve of the inverse
magnetic susceptibility as a function of temperature (Fig. 3b),
conrms the antiferromagnetic ordering of 1 by a signicant
deviation from the tted line of the Curie–Weiss law for para-
magnetic behaviour.40
Fig. 4 FE-SEM high resolution secondary electron image with beam
energy of 20 kV from the cross section of pellets of 1 sintered at
different temperatures. (a) Pellet sintered at 723 K, (b) Pellet sintered at
823 K, (c) Pellet sintered at 923 K.
Microstructural and electrical properties

Regarding the signicant impact of the microstructure of the
solid on its electrical properties, the microstructures of the
prepared bulk samples were studied using eld emission
scanning electron microscopy technique (FE-SEM). SEM
micrographs of sintered pellets (Fig. 4) indicate relative
uniformity of the grains in size and shape with an average grain
size of around 8, 23, and 52 mm for samples sintered for 15
hours at 723, 823, and 923 K, respectively.

Increasing the sintering temperature leads to an increase of
the grain size and decreases the ratio of grain boundaries to
grains. The accessible sintering temperature of 1 is limited by
the compound's melting point, which was determined to be
around 950 K.

Strong dependency of the electronic and transferring prop-
erties to the crystal structure led us to perform impedance and
dielectric measurements of 1.

In the frequency range of 0.10 to 10 kHz, the dielectric
constants for all samples rapidly decrease from 3200 to 150,
3400 to 420, and 5450 to 550 for samples sintered at 723, 823,
and 923 K, respectively. The diminishing of the space charge
polarisation mechanism, one of the active electrical polar-
isation mechanisms at low frequencies, is considered the main
reason for this trend, while the rest of the polarisation mecha-
nisms including dipolar relaxation as well as ionic and elec-
tronic resonances are still active in the frequency range of the
measurements.39 The dielectric constant of 1 when sintered at
923 K was found to be 1750 at the frequency of 1 kHz and
ambient temperature, which were chosen as the standard
conditions for the dielectric measurements. The obtained value
is orders of magnitude larger compared to the reference mate-
rial SiO2 (k = 3.9) as the insulator materials for the MOSFET
gates,41 and even signicantly higher than some of the
commercial high-k dielectric materials such as barium and
strontium titanates for the circuit capacitor applications.42

At high frequencies in the range of 15 to 100 kHz, dielectric
constant values are obtained in the range of 150 to 100, 420 to
350, and 550 to 450 for samples sintered at 723, 823, and 923 K,
respectively. In a similar trend, the dielectric loss values of all
pellets are high for small frequencies and sharply decrease to
© 2022 The Author(s). Published by the Royal Society of Chemistry
a plateau for high frequencies (Fig. 5a). In the frequency range
of 0.40 to 100 kHz, the loss values vary from 1.26 to 0.04, 1.04 to
0.03, and 0.97 to 0.01 for samples sintered at 723, 823, and 923
K, respectively. At frequencies lower than 0.40 kHz, the dielec-
tric loss measurements were too noisy to allow for a reliable
evaluation.

Comparing the dielectric results of the samples sintered at
different temperatures, it becomes clear that a higher dielectric
constant and a lower dielectric loss is obtained for the pellet
sintered at the highest temperature, i.e., 923 K. Because of the
close dependency of the dielectric properties to the bulk density
RSC Adv., 2022, 12, 30514–30521 | 30517
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Fig. 5 (a) Dielectric constant variations of pellets of 1 sintered at
different temperatures as a function of the frequency in the range of
0.10 to 100 kHz. (Inset) Dielectric loss variations of the sintered pellets
at different temperatures as a function of the frequency in the range of
0.10 to 100 kHz. (b) Nyquist plot of pellets of 1 sintered at different
temperatures (dotted lines), as well as fitted trendline to the measured
results (solid lines). The impedance was measured within the
frequency range of 10 mHz to 1 MHz. (Inset) Equivalent electrical
circuit including two series of capacitance/resistance sets corre-
sponding to the grain (G) and grain boundary (GB) effects.
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and microstructure of the solid, the higher sintering tempera-
ture can provide a denser microstructure with better connec-
tivity and less porosity, thereby improving the dielectric
properties.43

Complex impedance measurements of the samples were
carried out in the frequency range of 10 mHz to 1 MHz, which
are depicted as a Nyquist plot in Fig. 5b. The obtained resistivity
values are around 560, 720, and 1410 kU for the samples sin-
tered at 723, 823, and 923 K, respectively. For all three samples,
the semicircular curves display different maximum values of the
imaginary part of the impedance, Z′′, and intercepts with the
real part axis of the impedance, Z′. The values for the pellet
sintered at 723 K clearly shows two distinguished semicircular
arcs including a small arc at high frequencies (lower region in
the Z′ axis) and a large arc at low frequencies (higher region in
the Z′ axis). These two distinctions can be attributed to the
contributions of the grains and the grain boundaries, respec-
tively. In polycrystalline materials, the electrical properties can
be investigated by discriminating between both grains and
30518 | RSC Adv., 2022, 12, 30514–30521
grain boundaries with their different structural characteristics.
Regarding the defective nature of the grain boundaries causing
a scattering of the charge carriers, they can in most cases lead to
an increased resistivity.44 In ceramics, the effects of grain
boundaries are commonly interpreted according to the brick
layer model.45 However, in most cases they are more compli-
cated and need to be individually studied andmodelled for each
case. When 1 is sintered at 723 K, the grain size is comparably
small and the ratio of grain boundaries to grains is larger than
that of the samples sintered at higher temperatures. Thus, the
contribution of the grain boundaries to the impedance values,
i.e., both Z′′ and Z′, is considerably larger than the contribution
of the grains.46 In samples sintered at higher temperatures, the
impedance plots present semicircular arcs with two small
indents around a Z′ of 580 and 300 kU for the samples sintered
at 823 and 923 K, respectively.
Optical and electrical band structures

According to the results of UV-visible spectroscopy and the
derived Tauc plot (Fig. S4†) 1 depicts an indirect optical band
gap of 2.00 eV. Attempts to verify the band gap and analysis of
the electronic structure by means of quantum chemical calcu-
lations, including the calculated partial elemental density of
states, PDOS, and total density of states, TDOS, yielded the
dominant contribution of the iron ions. The quantum chemical
calculations predict an asymmetric band structure for the spin-
up and -down contributions (Fig. S5†). However, the band gap is
severely underestimated likely due to strong electron correla-
tion that is inadequately entailed in most generalized gradient
approximation (GGA) functionals.47,48 For the quantum chem-
ical calculations, different values of an on-site Coulomb inter-
action parameter (U) were applied to Fe and the resulting band
gap compared to the experimental value from optical spec-
troscopy. The best value of U, 2.5 eV, was selected to accurately
reproduce an indirect band gap of 1.993 eV and a direct band
gap of 2.013 eV with a net magnetization of 4.0 mB (3.709 ×

10−23 J T−1).
Together with values from the experimental dielectric

measurements, these results conrm the semiconductive
properties of 1. The element-projected band structure and DOS
are given in Fig. 6. The bottom of the conduction band is
populated by Fe-3d orbitals while hybridized states between Fe-
d and S-p orbitals are observed near the valence band
maximum.

Fig. 7 shows the orbital-resolved DOS of 1 obtained from
DFT+U calculations, indicating the main role of the iron and
sulphur ions, particularly Fe-d and S-p orbitals, in both the
valence and the conduction bands. The spin- and element-
resolved DOS plots (Fig. S6 and S7†) display the hybridiza-
tions and spin contributions between Fe-d, S-p, and K-s states.
Experimental
General procedure

Due to the air- and moisture-sensitivity of 1 and some of the
starting materials, all steps of the synthesis and measurement
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) The element-projected band structure of 1 calculated via
DFT+U, showing the contribution from potassium (blue), sulphur
(green), and iron (red) atoms. Solid lines and dotted lines represent
spin-up and spin-down bands respectively. The Fermi level is shifted to
zero on the energy scale. (b) The density of states of 1.

Fig. 7 The orbital-resolved density of states of 1 obtained fromDFT+U
calculations.(a) Calculated electronic band structure of 1. (b) Calcu-
lated density of states (DOS) of 1, including total and elemental-
resolved DOS plots.
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processes were performed under an argon atmosphere using an
argon-lled glovebox and/or Schlenk-lines. All solids were used
as received without further purication unless noted otherwise.
Ethylenediamine was dried over CaH2 and freshly distilled prior
to use.
Synthetic procedures

Synthesis of K2S. The synthesis process was carried out using
20 g (0.512mol, 2 eq., Acros Organics, 98%) potassium and 8.2 g
(0.258mol, 1 eq., abcr, 99%) sulphur in liquid NH3, according to
the reported procedure.49 Caution: the reaction of sulphur and
potassium is exothermic! Cooling and a constant pressure release
need to be ensured! Purity of the product was conrmed by
powder X-ray diffraction analysis.

Synthesis of 1. K2S (10 g, 1.5 eq., 0.090 mol), FeS (10.63 g,
0.120 mol, 2 eq., Sigma-Aldrich, 99%), and sulphur (1.45 g,
0.045 mol, 0.5 eq., abcr, 99%) are mixed and placed in a silica
glass ampoule. The ampoule is heated to approx. 1200 K with an
© 2022 The Author(s). Published by the Royal Society of Chemistry
oxygen–methane hand torch for about 5 minutes and then
allowed to cool down to room temperature. The resulting ingot
is removed from the ampoule and ground to obtain the product
as a dark-green solid with metallic luster (20.8 g, 0.058 mol,
94.2%).

Preparation of single crystals. 150 mg of 1 and 2 mL of
ethylenediamine are added into a 10 mL glass vial and sealed.
The reaction mixture is heated to 423 K for 48 h and allowed to
cool to room temperature. Single crystals for X-ray diffraction
analysis were selected manually under a light microscope.
Further investigations

The details of further characterization and properties investi-
gations such as powder X-ray diffraction and Rietveld rene-
ment, single crystal X-ray diffraction, infrared spectroscopy,
magnetometry, dielectric and impedance measurements, SEM/
EDX, UV-visible spectroscopy, and quantum chemical calcula-
tions are provided in the ESI.†
Conclusions

Pure K3[Fe2S4] (1) was prepared using a fast, straightforward,
and high yield technique without any further steps of purica-
tion. The compound indicates so ferrimagnetic behaviour
with a comparably high magnetisation of around 15 and 22 A
m2 kg−1 at 300 and 3 K, which lie within the range of well-known
ferrite compounds, originating from the mixed valence of FeII/
FeIII. The simultaneous ferrimagnetic properties and high
electrical polarisability of 1 could potentially be considered for
spintronic applications. Bulk samples of 1 show different
dielectric constant values as well as impedance trends
depending on the chosen temperature for the sintering process,
indicating a signicant impact of the microstructure on the
electrical properties. Samples sintered at 923 K, exhibit
a dielectric constant of around 1750 at 1 kHz at room temper-
ature which is signicantly higher than the reference material
SiO2 (k = 3.9) and even higher than most of the commercial
dielectric materials. These results introduce an eco-friendly
candidate with a strong potential for insulating and high-k
dielectric performances. The optical band gap was determined
to be 2.00 eV by UV-visible spectroscopy. The quantum chemical
calculations reveal an asymmetric band structure with an
energy gap of 1.993 and 2.013 eV indirect and direct band gaps,
respectively. These values indicate a semiconductive behaviour
of 1. In combination with the non-toxic, highly abundant
elemental constituents, 1 represents a promising material for
a range of electronic and magnetic applications.
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