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Magnetic, structural, and electronic properties of iron
sulfide FesS4 nanoparticles synthesized by the polyol

mediated process
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Abstract Iron sulfide nanoparticles Fe;S, with the
spinel-type crystal structure were synthesized by the
polyol mediated process. The particle size depends on
preparation conditions and varies from 9 to 20 nm.
Mossbauer data have revealed that the dominating
fraction of iron ions in the 9-nm sample is in the high-
spin ferric state. This implies an occurrence of the
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cation vacancies in nonstoichiometric greigite. The
stoichiometric phase of greigite Fe;S, dominates in the
18-nm-size nanoparticles. Magnetic measurements
have shown a ferrimagnetic behavior of all samples
at temperatures between 78 and 300 K. The estimated
value of magnetic moment of the stoichiometric
greigite nanoparticles is about 3.5 pg per Fe;S, unit.
The Mossbauer spectra indicate a superparamagnetic
behavior of small particles, and some fraction of
superparamagnetic phase is observed in all samples
synthesized which may be caused by the particle size
distribution. The blocking temperatures of Ty ~ 230
and 250 K are estimated for the 9 and 14 nm particles,
respectively. The Mossbauer parameters indicate a
great degree of covalency in the Fe-S bonds and
support the fast electron Fe** < Fe?" exchange in the
B-sites of greigite. An absence of the Verwey transition
at temperatures between 90 and 295 K is established
supporting a semimetal type of conductivity. The
temperature and magnetic field dependences of the
magnetic circular dichroism (MCD) of optical spectra
were measured in Fe3S, for the first time. The spectra
differ substantially from that of the isostructural oxide
Fe;0,. It is supposed that the MCD spectra of greigite
nanoparticles result from the collective electron exci-
tations in a wide band with superimposed peaks of the
d—d transitions in Fe ions.

Keywords Iron sulfides Fe;S, - Magnetic and

electronic properties - Mossbauer spectroscopy -
Magnetic circular dichroism
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Introduction

Greigite Fe;S, is a counterpart of the oxide magnetite
Fe;0, which has been intensively studied. In the
inverse spinel structure of the stoichiometric greigite
Fe;S,, the unit cell contains 32 atoms of sulfur and 24
atoms of iron (Skinner et al. 1964; Uda 1965). There
are two sublattices of iron atoms where Fe’" ions
occupy tetrahedral A-sites and both Fe*' and Fe’"
ions occupy octahedral B-sites. Despite the structural
similarities of FesS; and Fe;O,, their magnetic
properties are different in many aspects (Chang et al.
2008). The room temperature saturation magnetiza-
tion of the bulk greigite is 3.13 pp per formula unit
(f.u.) while this value in magnetite is noticeably higher
4.0 pg. The parameter Jog of exchange interaction
between Fe ions in (A) and (B) sublattices in greigite,
estimated recently as ~1.03 meV, is also lower than
the Jap value calculated for magnetite (2.88 meV). In
bulk compounds, Verwey transition (Verwey 1939)
observed in magnetite is absent in greigite. Such an
enumeration can be continued. The origin of the large
difference between magnetic properties of Fe;S, and
Fe;0y is opened to questions now.

Contrary to the bulk properties, some new features
may be expected in nanoparticles related both to the
individual particle properties and to the statistical
behavior of a nanoparticle ensemble. In general,
nanoscale magnetic structures with enhanced surface
contribution are typical for both thin films (Wang et al.
2011a, b; Kumar 2010; Kumar et al. 2009) and
nanoparticles in non-magnetic matrices (Gleiter 2000;
Gubin et al. 2005; Chung et al. 2010). The similar
properties of chalcogenide nanostructures attract con-
siderable attention because of their fundamental and
applied prospect.

Iron sulfides are of importance for geology owing to
their frequent occurrence in sediments, rocks, and ore
deposits (Maher and Thompson 1999), and as indica-
tors of the gold-bearing ore presence (Menyah and
O’Reilly 1991). Iron—sulfur clusters [Fe,S,], [FesS4],
and [Fe4S4] are found in proteins of all life forms
(Beinert et al. 1997), where they undergo oxidation—
reduction reactions, providing electron transfer and
catalytic functions and act as sensors of iron and
oxygen (Beinert et al. 1997; Surerus et al. 1989).

Iron sulfides occur in different phases: Troilite
(FeS—antiferromagetic metal), Pyrhothite (FeS—
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ferromagnetic metal), Smythite (ferromagnetic), Gre-
igite (Fe;S,—ferrimagnetic semimetal), Mackinawite
(Fe,,.S paramagnetic metal), Marcasite (FeS,—dia-
magnetic semiconductor), Pyrite (FeS,—diamagnetic
semiconductor) (Hobbs and Hafner 1999). In contrast
to iron oxides the phase diagram of iron sulfides is
more complicated and thus variation in the relation of
Fe and S atoms and temperature of reaction allows
creating samples with different structural, electrical,
and magnetic properties.

In nature Fe3S4 can be identified in anoxic marine
and lake sedimentary systems (Roberts and Weaver
2005). It can be used in paleomagnetic and environ-
mental magnetic studies (Maher and Thompson 1999;
Snowball and Thompson 1988, 1990; Roberts et al.
1996; Jiang et al. 2001; Rowan and Roberts 2006;
Babinszki et al. 2007; Vasiliev et al. 2007), as a
precursor to pyrite in the Fe-S system, in the
pyritization process and in Fe—S geochemistry (Ben-
ning et al. 2000; Hunger and Benning 2007). Also,
magnetotactic bacteria can produce greigite magneto-
somes (Posfai et al. 1998). Magnetic properties of
greigite are very sensitive to the sample preparation
conditions and remain poorly understood up to now
(see recent review by Roberts et al. 2011).

Greigite nanoparticles were synthesized by several
authors with different techniques (Chang et al. 2010;
Vasilenko et al. 2010). Magnetism of Fe;S,4 nanopar-
ticles was studied by static magnetization measure-
ments (Zhang and Chen 2009; Vasilenko et al. 2010).
Properties of nanoparticle ensembles varied in wide
ranges depending on the fabrication peculiarities.
However, the relevant Mossbauer spectroscopy data
on the size effect on magnetic properties were not
obtained. Magneto-optical measurements of greigite
are also absent in the literature.

We expect that the complex studies of the
nanoparticles properties for different particle size
and sample preparation conditions will bring new
fundamental information and give impetus to new
applications. In the present work the Fe;S, nanopar-
ticles were synthesized by heating iron acetate
and thiourea in diethylene glycol. The X-ray diffrac-
tion, Mossbauer spectroscopy, magnetic, and mag-
neto-optic measurements reveal that structural,
magnetic, and electronic properties of the nanopar-
ticles strongly depend on the particle size and sample
preparation conditions.
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Sample preparation and methods
of characterization

Several samples of the Fe;S; nanoparticles were
synthesized by the polyol mediated process. The
polyol process, which exploits high-boiling polyalco-
hol solvents [e.g., glycerol, diethylene glycol (DEG),
ethylene glycol, tetraethylene glycol] that also act as
mild reducing agents when heated, was originally
developed for the synthesis of nanocrystalline pow-
ders of Pd and other late transition elements. To
synthesize Fe;S4 nanoparticles by polyol method, the
reaction temperature must be higher than 170 °C. We
choose DEG as a reaction solvent because of its” high
boiling point (240 °C). It is a one-pot method involv-
ing the reaction of stable precursors and solvent [iron
(II) acetate (Fe(COOCHj3),) as the cation source,
thiourea (NH,CSNH,) as the sulfur source, and
diethylene glycol (DEG) as the solvent]. With poly-
vinylpyrrolidone powder (PVP) as a capping agent,
Fe;S; nanocrystals were produced under a mild
temperature while high pressure was not required.
Typically, 0.7 g of Fe(COOCHj3),, 5.0 g of PVP (with
average MW = 58000), 0.62-1.53 g of NH,CSNH,,
and 50 ml of DEG were added into a three-neck
round-bottom flask equipped with a magnetic stirrer
and an inlet of argon gas. Then the mixture was heated
with stirring to refluxing temperature between 180 and
220 °C for 2-5 h. After cooling to room temperature a
black colloid suspension containing PVP-coated Fe;S,
nanocrystals were formed. The nanocrystals can be
separated from the suspension with a magnetic field.
To remove excess polyol and complete the process,
the nanocrystals were washed several times with
ethanol by magnetic decantation. In general, the
crystallite sizes of FesS; nanocrystals could be

controlled via the relative concentration of iron
sources and sulfur sources, reaction time, and reaction
temperatures. To change the crystallite size, we found
that the reactive sources (Fe/S mol. ratio) are more
effective than the heating temperature and reaction
times. The details of the process of the selected
samples are described and summarized in Table 1.
The crystal structure and phase purity of the
samples were examined by X-ray powder diffraction
(XRD). As shown in Fig. 1, all reflections can be
readily indexed to the cubic phase with spinel-type
structure (space group Fd3 m). The estimation of the
crystallite size by the Scherrer’s formula due to the
peak broadening (Langford and Wilson 1978) gives an
average size D from 9 to 20 nm (Table 1). The
particles shape and size were examined by the
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Fig. 1 Room temperature X-ray diffraction patterns of the iron
sulfide nanoparticles recorded for the samples prepared at
different conditions shown in Table 1. The reflection indexes
correspond to the cubic spinel-type structure of Fe;S, (sp. gr.
Fd3m)

Table 1 Some details of the synthesis of the iron sulfide Fe;S, nanoparticles

Sample Fe/S Reaction scheme Crystal D A (%)
name (mol. ratio) structure (nm) (£2)
FS-S1 1/2 Fe(COOCH;), + thiourea + DEG + PVP — 200 °C; 2.5 h Spinel 9 12
FS-S2 1/2.5 Fe(COOCH;), + thiourea + DEG + PVP — 200 °C; 2.5 h Spinel 14 38
FS-S3 1/3 Fe(COOCH;), + thiourea + DEG + PVP — 200 °C; 2.5 h Spinel 16 37
FS-S4 1/3 Fe(COOCHj;), + thiourea + DEG + PVP — 220 °C; 4.5 h Spinel 18 64
FS-S5 1/5 Fe(COOCH3;), + thiourea + DEG + PVP — 180 °C; 4.5 h Spinel 20 52

Fe/S is the molar ratio of Fe(COOCH3), to thiourea. D is the average size of the nanoparticles. A is the abundance of stoichiometric
greigite Fe;S, phase (relative to Fe content) obtained from the Mdssbauer data
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50 nm

Fig. 2 The transmission electron microscopy images of the
Fe;S,4 nanoparticles

transmission electron microscopy (TEM), and a plate
form of the 9 nm sample can be seen in the TEM
images shown in Fig. 2.

The Mossbauer spectroscopy was applied to exam-
ine the phase composition, structural, magnetic, and
electronic properties of the nanoparticles. The *’Fe-
Mossbauer spectra were recorded at temperatures 90
and 295 K in the transmission geometry with a
standard spectrometer operating in the constant accel-
erations regime. The gamma-ray source >’ Co(Rh) was
at room temperature, and the isomer shifts were
measured relative to metal o-Fe at room temperature.
The magnetic measurements were performed at tem-
peratures between 78 and 300 K using the VSM-type
magnetometer (vibrating sample magnetometer) in an
applied field sweeping from —11 to 11 kOe.

To our knowledge, the greigite magneto-optical
properties have been investigated neither for bulk nor
for nanoparticle samples, that can be associated, partly,
with the opaqueness of the both types of samples. For
our magneto-optical measurements of Fe;S, the trans-
parent nanocomposites based on the non-magnetic
matrix with embedded Fe;S, nanoparticles of ~20 nm
in size have been prepared (FS-5 in Table 1). In the
preparation process the vacuum lubricant (mineral oil
mixed with ceresin and caoutchouc, in Russia State
Standard: 9645—61) was chosen as a material for the
matrix. The lubricant was slightly heated to liquid
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state, and then the Fe;S, powder was added and mixed
inside it. The obtained paste was placed between two
polished glass plates which were pressed to each other.
After cooling to room temperature the samples were
transparent in visible spectral range. Several samples
of different thickness D were prepared: ~0.08 mm
(FS-5.1), ~0.001 mm (FS-5.2), ~0.02 mm (FS-5.3).
Besides, petrolatum oil was used as a material for the
matrix (sample # FS-5.4 with D ~0.001 mm). So,
properties of all samples FS-5.1-FS-5.4 should be
compared with that of FS-5 nanopowder (Table 1). In
our pioneering magneto-optical study a fixed nanopar-
ticle size was chosen; the size dependence of the effect
will be investigated in the nearest future. Thin mag-
netite Fe;0,4 films were prepared for the comparative
measurements.

The magnetic circular dichroism (MCD) spectra
were measured using the modulation of light polari-
zation with a piezoelectric modulator (Jasperson and
Schnatterly 1969). The modulator consisted of the
piezoelectric ceramic element pasted on the plate of
fused silica. The modulator was a part of the self-
contained generator and oscillated with its resonance
frequency of about 25 kHz. The light beam from the
filament lamp passing through the polarizer and then
through the modulator became circularly polarized,
and the light polarization changes from right circular
to left circular one with the resonance frequency of the
modulator. The circularly polarized light passing
through the sample placed between magnetic poles
acquires a modulation of its intensity due to circular
dichroism of the sample. The MCD effect was
measured with a relative accuracy of 107* as a
difference in photomultiplier signals (proportional to
the light intensity change) obtained at the magnetic
field applied along and opposite to the light direction.
The measurements were performed in the spectral
region 300-1000 nm over the temperature range
100-295 K in magnetic fields up to 0.55 T.

Results of magnetic, Mossbauer, and magneto-
optic spectroscopy measurements

Magnetic measurements

Magnetization curves of all samples reveal a ferro-

magnetic (or ferrimagnetic) behavior at temperatures
between 78 and 300 K (Fig. 3). In a relatively low
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applied field H.,, the magnetization sharply increases
showing a “soft” magnetic behavior, and it almost
approaches saturation at 10 kOe. The insets in Fig. 3a—d
show the zoomed view of hysteresis plots for differ-
ent particle size, whereas the temperature and size
dependences of coercivity Hc, remanence magnetiza-
tion M., and saturation magnetization Mg are given in
Fig. 4a, b, respectively. At room temperature the value
of saturation magnetization Mg (extrapolated to
H.,. = 0) is the highest for the 20 nm particles size
(Ms ~ 44 emu/g) while it is the smallest (Mg =~
9 emu/g) for the 9-nm particles size. These values are
below the 59 emu/g value found for high-quality
synthetic bulk (14 pm) greigite (Chang et al. 2008),
but the 20-nm particle’s value is close to the hydro-
thermally synthesized greigite with Ms ~40 emu/g
(Wang et al. 201 1a, b).

For the 20-nm-size particles the Mg value extrap-
olated to 0 K is about 48 emu/g which corresponds to
~2.7 pg per Fe;S, unit. Taking into account the
Mossbauer data (which reveal that 30 % of Fe atoms
in this FS-S5 sample are paramagnetic at 90 K), the
corrected value of magnetic moment of the 20 nm size
particle is about 3.5 pg per Fe;S, unit. This value is
higher than that in bulk greigite (~3.0 pg) found
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recently from the neutron diffraction data (Chang et al.
2009).

With temperature rise from 78 to 300 K, the M, and
Hc values gradually decrease for all particle sizes
while the Mg value is practically stable (Fig. 4a). At
the temperature fixed at 78 K, the Mg value strongly
increases with the particle size increasing (Fig. 4b).
The M, value is only slightly increased whereas the H¢
behavior is not regular.

Temperature dependences of the field-cooled (FC)
and zero-field-cooled (ZFC) magnetizations are
shown in Fig. 5. The ZFC and FC curves measured
in the low field of H. = 0.5 kOe are split below
T;ne = (250-300) K implying an appearance of mag-
netic interactions between nanoparticles (Lotgering
1964). In the high field 11 kOe these anomalies are not
observed down to 78 K. The ZFC curves of 9 and
14 nm particles measured in the field of 0.5 kOe
display a maximum at 7g ~ 230 and 250 K, respec-
tively. This behavior is typical for systems of magnetic
moments which undergo a spin blocking (or frozen)
effect. Above blocking temperature Ty particles are in
superparamagnetic state while below Ty thermal
fluctuations of magnetic moments are blocked by
magnetic anisotropy. For the larger particle size the Ty
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Fig. 3 The magnetic applied field dependences of magnetization and hysteresis loops recorded at 78 and 300 K for the Fe;S,
nanoparticles with different particle size. Inserts show the zoomed view of hysteresis plots
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Fig. 4 a Temperature dependences of the saturation magneti-
zation Mg, remanence magnetization M,, and coercivity Mc for
the Fe3S,4 nanoparticles with different particle size. b The size

value is above room temperature. As we show below,
Mossbauer spectra indicate a superparamagnetic
behavior of small particles, and some fraction of
superparamagnetic state is observed in all samples
synthesized which may be caused by the particle size
distribution.

Mossbauer spectroscopy data

The representative >'Fe-Mdssbauer spectra recorded
at 90 and 295 K for all samples are shown in Fig. 6a,
b. All spectra consist of six-line magnetic patterns and
a central doublet typical of a paramagnetic iron state.
The line widths of the doublet and magnetic pattern
are rather broad due to several overlapping compo-
nents corresponding to nonequivalent states of iron
ions. The central doublet is most intensive (dominat-
ing) in the sample with small particles (9 nm) and it
decreases with increasing the particle size (Fig. 6).
The spectra for the 9-nm sample (Fig. 7a) revealed
that the central doublet consists of two doublet
components with almost equal isomer shift value
0 ~ 0.37 mm/s but with different quadrupole split-
ting ¢ = 0.64 and 1.08 mm/s (at 295 K) (Table 2).
The similar component with ¢ = 0.64 mm/s was
found in (Morice et al. 1969; Spender et al. 1972)
and it seems that it is typical of greigite small particles
with a wide size distribution. At 295 K the total area of
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this paramagnetic component in the 9-nm sample is
about 86 % of the total iron content and it slightly
decreases (to 78 %) at 90 K. The observed isomer
shift value clearly indicates that the dominating
fraction of iron ions in the 9-nm sample is in the
high-spin ferric state. This is not consistent with a
stoichiometric Fe;S,. Taking into account the XRD
data showing the spinel-type crystal structure (Fig. 1)
in all samples, we have to conclude an occurrence of
the cation vacancies in small particles of nonstoichio-
metric greigite. Most probably in small particles
(<9 nm) all iron ions are oxidized to ferric state and
a vacant Fe,S; spinel-type structure appears analogous
to the oxide maghemite y-Fe,O5 structure. In these
cases the cation vacancies [] occur in the octahedral
B-sites of the spinel (Fe) [Fes/s [q/6]o X4 (here X = S
or O), and iron ions are in the ferric Fe* state in both
tetrahedral (A) and octahedral [B] sites.

The idea of occurrence of the vacant Fe,S; spinel-
type structure (we call it as the y-Fe,S; phase by
analogy with maghemite) is also supported by the
intensity ratio of the Mdssbauer components corre-
sponding to the (A) and [B] sites (Table 2). In the
stoichiometric Fe;S,, the intensity ratio of the (A) and
[B] Mdssbauer components must be close to 1:2, while
in the vacant y-Fe,S; it is expected to be near 1:1.67.
The observed A/B ratio in y-Fe,S3 is about 1.62
(Table 2) that is close to the expected value. The X-ray



J Nanopart Res (2013) 15:1397

Page 7 of 13

6' R
g ZFC
9,
= 2 9 nm
0 i . i . .
50 100 150 200 250 300
T (K)
N V
&
-]
g
= 104 ZFC
= 16 nm
0

50 100 150 200 250 300
T (K)

M (emu/g)
=)

54 14 nm

50 100 150 200 250 300
T (K)

30 4

ZFC

20 4

M (emu/g)

10 4 20 nm

0 T T T T T
50 100 150 200 250 300

T (K)

Fig. 5 Temperature dependences of the ZFC and FC magnetization for the Fe;S, nanoparticles with different particle size
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Fig. 6 The 5TFe-Mbssbauer spectra of greigite Fe;S, nanoparticles with different particle size at temperatures 90 (a) and 295 K (b)

diffraction patterns indicate a random distribution of
vacancies through the crystal because extra reflections
are absent. We note that the spinel-type Fe,S;
compound containing vacancies was synthesized in

an acidic medium by Yamaguchi and Wada (1973).
The authors concluded that greigite, prepared chem-
ically and known in nature, often corresponded to a
solid solution Fe;S,—Fe,S5.
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Fig. 7 The *’Fe-Mossbauer spectra of the greigite nanoparti-
cles with the particle size 9 nm at temperature 295 K (a) and
18 nm at 90 K (b). The spectra fitting to magnetic and
paramagnetic components attributed to nonequivalent iron sites
in Fe3S, and Fe,S; are shown by grid-ticks above the spectra.
Lines at the bottom are the misfit deviation signal

It is evident from the Mdssbauer data that the small
Fe,S; nanoparticles are paramagnetic down to 90 K
due to superparamagnetic effect. A small fraction of
the magnetic component visible in the Mdssbauer
spectra (see Fig. 6; Table 2) and in magnetic mea-
surements of 9-nm sample is originated from the
particles with larger size due to the size distribution
effect.

The intensity of six-line magnetic patterns in
Mossbauer spectra increases with larger particle size
and the magnetic components dominate in the
18 nm—size particles of sample FS-S4 (Figs. 6, 7b).
The spectra processing reveals three magnetic com-
ponents corresponding to iron ions in different struc-
tural and electronic states. An example of the spectra
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fitting is shown in Fig. 7b, and the values of all
hyperfine parameters are given in Table 3.

Considering the obtained hyperfine parameters and
taking into account the data of previous studies of the
natural and synthetic greigite (Chang et al. 2008; Morice
etal. 1969; Spender et al. 1972; Coey et al. 1970; Stanjek
and Murad 1994), we found that two of three magnetic
components belong to the stoichiometric Fe3S,. The line-
intensity ratio of these two components is close to 1:2
(Table 3). The isomer shift values §(295 K) = 0.27
mm/s and 6(90 K) = 0.36 mm/s are typical of the high-
spin ferric ions in the tetrahedral A-site of the spinel
structure, while the values 6(295 K) = 0.53 mm/s and
0(90 K) = 0.63 mm/s are characteristic of ferrous ions
in the octahedral B-site. The values of magnetic hyper-
fine fields Hy at iron nuclei are close for octahedral and
tetrahedral sites and are in the range of (31.9-30.0) Tesla
at temperatures between 90 and 295 K (Table 3). These
Hy¢ values in sulfides are much lower than in oxides
(typically 50-55 T) which is explained by delocalization
of d electrons in sulfides with reduction of the ionic
magnetic moment of iron (Spender et al. 1972; Coey et al.
1970). The relative content of the stoichiometric Fe;S,
greigite calculated from the Mdssbauer data is given in
Table 1 for all samples synthesized. The highest Fe;S,
abundance of about 64 % is found in the FS-S4 sample
with d = 18 nm (Table 1).

In all samples the third magnetic Mossbauer
component was found with the hyperfine parameters
typical of ferrous iron ions. The isomer shift values J
of this component are 0.52 and 0.66 mm/s at 295 and
90 K, respectively, while the magnetic hyperfine fields
Hygare 31.0 and 32.9 T at 295 and 90 K, respectively.
In all samples, the relative content of this component is
approximately stable at about (15-17 %) of the total
iron content. It can be suggested that this component
belongs to the smythite phase which has the same
chemical formula as greigite, Fe;S,, but all iron is
ferrous (Makarov et al. 1969; Hoffmann et al. 1993).

Magnetic circular dichroism in optical spectra

As it was mentioned in section “Sample preparation
and methods of characterization,” the MCD measure-
ments have been performed for several transparent
samples containing nanoparticles of the same size,
~?20 nm (FS-5 in Table 1). According to the FC-ZFC
magnetization (Fig. 5) and Mossbauer data (Fig. 6),



J Nanopart Res (2013) 15:1397

Page 9 of 13

Table 2 Hyperfine parameters obtained from the >’Fe-Mossbauer spectra at 295 and 90 K for the d = 9 nm size nanopoarticles of

greigite
Iron component d (mm/s) & (mm/s) Hyr (T) S (%) I" (mm/s)
(£0.01) (£0.01) (£0.2) (£2) (£0.02)

295 K
Fe** in tetrahedral A-sites of y-Fe,S; 0.37 0.62 - 34 0.40
Fe** in octahedral B-sites of y-Fe,S; 0.37 1.05 - 55 0.55
Fe* in tetrahedral A-sites of FesS, 0.27 -0.35 28.5 4 0.58
Fe?3* in octahedral B-sites of Fe;S, 0.56 —0.09 28.4 7 0.65

90 K
Fe>* in tetrahedral A-sites of v-Fe,S; 0.47 0.65 - 31 0.42
Fe** in octahedral B-sites of v-Fe,S3 0.47 1.12 - 50 0.62
Fe " in tetrahedral A-sites of FesS, 0.39 —0.08 31.3 7 0.60
Fe*>" in octahedral B-sites of Fe3S, 0.66 —0.09 31.9 12 0.78

Hyy is the magnetic hyperfine field at >’Fe nuclei, § is the isomer shift relative to o-Fe at room temperature, ¢ is the quadrupole shift,
S is the relative line area of the spectrum component, and I is the half maximum line width. y-Fe,S; is the nonstoichiometric greigite

with the spinel structure and Fe;S, is the stoichiometric greigite

Table 3 Hyperfine parameters obtained from the *’Fe-Mossbauer spectra at 295 and 90 K for the d = 18 nm size nanopoarticles of

greigite Fe;Sy

Iron component d (mm/s) ¢ (mm/s) Hy (T) S (%) I" (mm/s)
(£0.01) (£0.01) (£0.2) (£2) (£0.02)

295 K
Fe* in tetrahedral A-sites of FesS, 0.27 —0.01 30.9 22 0.29
Fe?>7 in octahedral B-sites of Fe;S, 0.53 0.09 30.0 42 0.57
Fe>*/Fe>>* jons in smythite 0.52 —0.09 31.0 17 0.26
Paramagnetic Fe** jons in v-Fe,S3 0.37 0.86 - 19 0.55

90 K
Fe>* in tetrahedral A-sites of Fe;S4 0.36 —0.04 31.9 23 0.30
Fe>* in octahedral B-sites of Fe;S, 0.63 0.12 31.8 45 0.59
Fe>*/Fe>>* jons in smythite 0.66 —0.09 32.9 19 0.27
Paramagnetic Fe> ™ ions in y-Fe,S; 0.48 0.84 - 13 0.73

Hy is the magnetic hyperfine field at >’Fe nuclei, J is the isomer shift relative to «-Fe at room temperature, & is the quadrupole shift,
S is the relative line area of the spectrum component, and I" is the half maximum line width

these nanoparticles in the powder state have frozen
magnetic moments at the room temperature. Besides
size effects should be minimal for these nanoparticles
compared to nanoparticles of a smaller size. So
magneto-optical properties of the composite contain-
ing larger nanoparticles should be closer to the
properties of the bulk greigite which is desirable for
the first mgneto-optical investigation of the matter.
We found that the MCD dependence on applied
magnetic field appeared to coincide totally with the
magnetization hysteresis loop of the 20 nm sample

(Fig. 3) independent of the samples FS-5.1-FS-5.4
thickness. An example of the MCD hysteresis loop is
shown in Fig. 8 for the sample FS-5.1. This observa-
tion confirms the MCD origin from the ferrimagnetic
phase of greigite. The room temperature MCD spectra
are shown in Fig. 9. The spectra shape is seen to be
similar for all samples FS-5.1-FS-5.4. The wide
positive maximum centered at ~400-700 nm is the
main peculiarity of the spectrum. Additional weak
features are seen at about 400 and 620 nm against a
background of this maximum. Their intensities

@ Springer
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Fig. 8 Room temperature MCD value vs external magnetic
field H for the greigite nanoparticles with size 20 nm (sample
#1)
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Fig. 9 Room temperature MCD spectra for the greigite
nanoparticles with size 20 nm (sample #1, #2, #4) in magnetic
field 5.5 kOe and for the sample #3 in the field 3 kOe

increase slightly with temperature decreasing
(Fig. 10).

In the absence of any data on the MCD measure-
ments in Fes;S,;, the comparison with the MCD
spectrum for the isostructural oxide Fe;O, (Fig. 11)
seems to be reasonable. The comparison (see Figs. 9,
10, and 11) clearly indicates the great difference
between these compounds, in spite of the total
similarity of Fe;O4 and Fe3S, both in structure (spinel)
and in assumed Fe** and Fe** ion distribution among
the octahedral and tetrahedral sites.

Two extremes of opposite sign are seen in the
visible magnetite thin film MCD spectrum that

corresponds totally to the magnetite MCD spectrum

@ Springer
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Fig. 11 Room temperature MCD spectrum of the Fe;O, film on
the glass substrate

observed by Gehring et al. (2012). Analogous features
were characteristic of the magneto-optical polar Kerr
effect spectrum of bulk magnetite sample (Fontijn
et al. 1997). These spectrum peculiarities were
ascribed to the charge transfer electron transitions
between Fe ions of different valence or occupying
different crystal positions (Fontijn et al. 1997).
Evidently, another mechanism should be invoked to
understand the origin of the greigite MCD spectrum.

Discussion

As shown by Mdssbauer spectra measurements in an
applied magnetic field (Chang et al. 2008; Spender
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et al. 1972; Coey et al. 1970), Fe;S, is a ferrimagnet
with collinear antiparallel ordering of iron magnetic
moments of A and B sublattices (the Neel spin
configuration). In the compound with an inverse cation
distribution (Fe*"),, [Fe** Fe**],. S, the magnetic
moment M is too small to be accounted for by a purely
ionic model which implies M = 4 pg for the spin
magnetic moment of the formula unit (Coey et al.
1970; Dekkers et al. 2000). It is explained by partial
delocalization of 3d electrons leading to semimetallic
properties of greigite which are supported by the
conductivity measurement (Spender et al. 1972) and
theoretical calculations (Devey et al. 2009).

The isomer shifts are generally rather smaller in
sulfides than in oxides due to the larger degree of
covalency of the Fe-S bonds. In particular, the ¢
values in both A- and B-sites of greigite Fe;S, are
smaller than the corresponding values in oxide Fe;Qy,.
In our stoichiometric Fe3S, nanoparticles the A-site
isomer shift 5(295 K) = 0.27 mm/s suggests that the
iron on these sites is predominantly ferric. The B-site
isomer shift value 6(295 K) = 0.52 mm/s is quite
consistent with the presence of both ferric and ferrous
ions on these sites, if we assume that fast electronic
exchange occurs between the two species. Due to fast
electron hoping between Fe>" and Fe** ions in the B-
sites, the average iron valence is near Fe>>" (Spender
et al. 1972; Coey et al. 1970).

(Fe™)

Fe’* SFe’] Sy = (Fe’™)  [Fe3™*] . Sa

(1)
The Mossbauer spectra do not distinguish the Fe**
and Fe’" ions in B-sites thus supporting the fast
electron Fe’* & Fe?t exchange. The magnetic field
Hy¢in the B-sites is somewhat lower than in the A-sites
and this is consistent with the iron valence states.
The magnetization measurements of our nanopar-
ticles show no abrupt changes at low temperatures
down to 78 K, so it is unlikely that the Verwey
transition has occurred. This conclusion is in agree-
ment with (Roberts et al. 2011). The shapes of
Mossbauer spectra and the hyperfine parameters
support an absence of the Verwey transition at
temperatures between 90 and 295 K (Lyubutin et al.
2009). At the Verwey transition in magnetite, the
spinel structure transforms into the low-temperature
monoclinic structure (Piekarz et al. 2007). However,
as shown by the theoretical simulations (using the

tet [ oct

GGA+U approach) (Devey et al. 2009), the mono-
clinic structure of greigite could be stable with respect
to the spinel structure only at high values of the
Hubbard parameter U.g > 5 eV (representing the
electron correlations associated with the Fe atoms in
greigite), which is not consistent with physical prop-
erties (electronic and magnetic) of greigite. As shown
in (Devey et al. 2009) the covalent admixture of the
Fe-S bonds, being more pronounced than that of the
more ionic Fe—O bonds, results in the smaller value of
the electron correlation parameter U in thiospinel. In
particular, a semimetal type of conductivity is pre-
dicted in greigite at Uy = 1 eV (Devey et al. 2009).

Possibly, the covalent character of Fe—S bonds is
also responsible for the strong difference between the
MCD spectra of Fe;S, and Fe;04. The difference in
lattice parameters can also contribute to such a MCD
behavior. Indeed, the parameter a for Fe3S, is (9.8718—
9.8734) A (Chang et al. 2009) and 8.3941(7) A in
Fe;04 (Fleet 1981). The higher electric conductivity of
Fe;S, compared to that of Fe;0,4 should also be taken
into account. Considering these factors, the wide peak
ranging from 400 to 700 nm, being the main feature of
the Fe;S; MCD spectrum, can be related to the
excitation of the surface plasmon resonance (SPR) in
the Fe3S,4 nanoparticles similar to that observed in the
metal nanoparticles (de Heer 1993; Brack 1993;
Kreibig and Vollmer 1995). It can be originated from
the collective electron excitation induced by an applied
electric field with a wavelength much larger than the
particle size. These collective excitations are charac-
terized by a finite life time and a certain frequency that
differs substantially from the plasma frequency in the
corresponding bulk material. As a result, the optical
absorption spectra and magneto-optical effects are
changed vs bulk sample, and the bands associated with
the SPR excitation appear in visible spectral region.
These bands can be wide enough due to the particles
size dispersion.

Conclusions

In summary, we reported the polyol mediated process
approach for preparing several sets of the greigite
FesS, nanoparticles with a different particle size and
with low size dispersion within the set. The experi-
mental results obtained by the X-ray powder diffrac-
tion, static magnetic measurements, and Mossbauer
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spectroscopy have revealed the great effect of the
technological conditions on the nanoparticles size,
stoichiometry, and magnetic properties. According to
the XRD data, the particles were characterized by the
spinel-type structure with dimensions ranging from 9
to 20 nm depending on the Fe/S molar ratio and the
heat treatment temperature and duration.

In small particles (about 9 nm), the Mossbauer
spectroscopy revealed the occurrence of the nonsto-
ichiometric phase of greigite with cation vacancies,
whereas the stoichiometric phase of greigite FesSy
dominates in the 18-nm-size nanoparticles. It was
discovered that in small particles (<9 nm) all iron ions
could be oxidized to ferric state and a vacant y-Fe,S;
spinel-type structure appears analogous to the oxide
maghemite y-Fe,Oj structure. The superparamagnetic
behavior of the Fe;S, particles was analyzed by the
Mossbauer spectroscopy and magnetic measurements,
and the blocking temperatures 7g =~ 230 and 250 K
were estimated for particles of 9 and 14 nm sizes,
respectively. From the magnetic measurements the
value of magnetic moment of the stoichiometric
greigite nanoparticles was established to be about
3.5 pp per Fe;S, unit, which is higher than in bulk
greigite (= 3.0 pg) found from neutron diffraction data
(Chang et al. 2009).

A great degree of covalency in the Fe-S bonds of
Fe;S, nanoparticles (known for bulk material) was
established from the Mdssbauer spectra parameters that
support the fast electron Fe't s Fe*™ exchange in the
B-sites of greigite. The absence of the Verwey transition
at temperatures between 90 and 300 K is established
supporting a semimetal type of conductivity.

The greigite magneto-optical properties are presented
here for the first time in comparison with the MCD
spectra of the Fe;O, thin film. The main information is
obtained from the temperature and magnetic field
dependences of the magnetic circular dichroism in the
light wave length A region between 300 and 1000 nm.
The great difference between Fe;S, and Fe;0,4 magneto-
optical properties was revealed. It is supposed that the
MCD spectra of greigite nanoparticles result from the
collective electron excitations in a wide band with
superimposed peaks of the d—d transitions in Fe ions.
Such behavior evidences the difference in electronic
structure of these two allomeric compounds, and shows
that MCD spectra can be considered as a decisive
experiment when making choice between different
theoretical models of the greigite energy structure.

@ Springer
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