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Greigite (FesS4) nanoparticles (NPs) were fabricated by the thermal decomposition method using two different
surfactants: oleylamine (OLA) and 1-hexadecylamine (HDA). In both cases, the synthesized NPs were charac-
terized as the FesS4 nanocrystals with minor inclusions of FegS;; phase. FT-IR spectroscopy and thermo-
gravimetric analysis allow concluding about OLA or HDA shells covering magnetic core of NPs. Mossbauer
spectra has revealed deviations of iron ions distribution among crystal positions from that presented in literature
for pure greigite. In accordance with these deviations, the pronounce changes are observed in the magnetic

circular dichroism (MCD) spectra which manifest themselves as the spectrum shift to higher energies of elec-
tromagnetic waves and redistribution of the MCD maximum intensities. These effects are associated with a
change in the density of electronic states in the samples due to the redistribution of iron ions between octahedral
and tetrahedral positions in nanocrystals under the influence of surfactants.

1. Introduction

Modern techniques and technologies cannot be imagined without the
use of nanostructured magnetic materials. Until recently, nanostructures
and ensembles of nanoparticles (NPs) of the transition metal oxides,
mainly iron, were considered. Currently, there is an increasing interest
in chalcogenides, that is, compounds of transition metals with sulfur,
selenium, and tellurium. The transition from the ionic character of
bonds in oxides to the covalent character in chalcogenides leads to the
appearance of transport and optical properties, similar to those of
semiconductors or even metals, and the emergence of new fields of
application. One of the promising groups of such materials is the family
of iron sulfides Fej S, in particular, greigite, FesS4 (x = 0.25), which is a
ferrimagnet with an inverted spinel structure, isostructural to magnetite
Fe30u, that is it refers to the Fd-3m space group. The S%~ jons form a
cubic face-centered lattice with the tetrahedral and octahedral in-
terstices. Tetrahedral sites (A-sites) are occupied by Fe>* ions only while
octahedral ones are populated by % of Fe*' ions and Fe?* ions equally.

* Corresponding author.
** Corresponding author.

Iron ion magnetic moments in octahedral and tetrahedral sites are or-
dered antiferromagnetically and give the resulting magnetic moment of
59 Am?kG 1 (3.13 pp/f.u.) at room temperature [1]. Particular attention
is paid to the greigite NPs [2,3] in connection with the prospects of using
their unique properties in a wide variety of fields, ranging from already
developed adsorbents and catalysts [4,5], anodes for lithium batteries
[6,71, sensors [8], and medical applications [9] up to the prediction of
strong permanent magnets that do not contain rare earth elements [10]
and devices for absorbing electromagnetic radiation [11]. It should be
noted that in real technological experiments, along with greigite, other
phases similar in composition, such as pyrrhotite, Fe;Sg [12] and,
smythite, FegS;; [13] can also appear. Thus, the synthesis of
single-phase sulfide nanoparticles Fe; «S is not an easy task. Another
serious problem concerns the prevention of NPs agglomeration due to
magnetic interactions and high values of surface energy, as well as the
NPs oxidation by atmospheric oxygen. This problem is usually solved by
using organic surfactants. For the iron oxides NPs, numerous studies of
the effect of surfactants of various nature on the properties of
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Table 1
The expected NPs phase compositions, the brief description of the synthesis
process, and phase composition according to the results of the investigation.

Sample Expected Description Phase composition
name composition according to XRD
and Mossbauer™
data
FS-OLA Spinel Fe3S, S-powder+Fe FesS,
(NO3)3-9H,0+OLA+OA *Admixture ~2%
(240 °C, 30min.) FeoS11
FS-HDA Spinel Fe3S, S-powder+Fe FesS,
(NO3)3-9H,0-+HDA+OA *Admixture ~5%
(240 °C, 30min.) FeoSq1

synthesized NPs have been carried out (for example, [14-16]). In
Ref. [14] oleic acid (OA), sodium dodecylsulfate (SDS), polyvinyl
alcohol (PVA), and olive oil were studied, and each of these surfactants
influenced the properties and magnetic phase composition of oxide NPs.
For example, in the case of SDS, the maghemite phase, y-Fe;Os, was
detected in the samples along with the main phase Fe304. Contrary to
situation with oxide NPs, only a few works we have managed to find in
current literature concerning the use of surfactants in the process of the
Fe1.xS NPs synthesis [17]. A present paper is devoted to the synthesis of
the Fe3S4 NPs by the thermal decomposition method using two different
surfactants and to a study of their structure and magnetic properties in
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Fig. 1. Rietveld refined XRD patterns (red lines— XRD data, black - theoretical
fits to the XRD data) and the difference pattern between the observed data and
the theoretical fit (at the bottom) for samples OLA (a) and HDA (b). The peaks
of greigite are indicated. The broad background signals can be associated with
the presence of organic components in the samples as it will be seen from the
FT-IR spectra. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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comparison with properties of pure greigite NPs investigated earlier by
several co-authors of the present paper [18]. The NPs crystal structure
and morphology were studied with the X-ray diffraction and trans-
mission electron microscopy, their phase composition was determined
with the Mossbauer spectroscopy, and magnetic properties of the sam-
ples were studied using one of the most informative magneto-optical
effects - magnetic circular dichroism (MCD) in transmitted light. Since
MCD is a linear function of magnetization, its field and temperature
dependences reflect similar dependences of the magnetization of the
samples. On the other hand, MCD is due to the electron transitions be-
tween the ground and excited energy levels or bands in a substance, and
therefore the study of the MCD spectral dependences makes it possible to
obtain information on the change in the energy structure of a material
depending on the synthesis conditions.

2. Experimental section
2.1. Synthesis of nanoparticles

Iron sulfide NPs were synthesized through thermal decomposition of
the mixture of complexes of the fatty amines: oleylamine, C;gH3sNH, —
sample OLA, and 1-hexadecylamine, C16H3sN, — sample HDA, with iron
nitrate, (Fe(NOs3)3-9H50), sulfur powder, and oleic acid (OA). OLA and
HDA being kinds of alkyl-amines were chosen here as surfactants
because alkyl-amines were shown to be quite suitable to synthesize
metal sulfide nanocrystals [19]. Oleic acid was added to provide more
rapid kinetics. The typical conditions were as follows. In the first case, 1
g of iron nitrate (Fe(NO3)3-9H30), 0.1587 g of sulfur powder, 10 ml of
oleylamine (OLA), and 5 ml of oleic acid (OA) were put into a three-neck
flask equipped with an inlet of argon gas, condenser, magnetic stirrer,
thermocouple, and heating mantle. After the argon gas was introduced
into the system for 10 min, the mixture was heated to 120 °C and
maintained at this temperature for 0.5 h, and then the temperature was
rose to 200 °C aged for 0.5 h. Finally, the reaction mixture was heated up
to 240 °C and aged for 0.5 h. In the second case, 10 g of HDA was used
instead of OLA. Otherwise, the process went along the same route as
described above. After the mixture cooled down to room temperature,
the obtained NPs can be separated from the suspension with a magnetic
field. To remove the excess organic solvent and by-products completely,
the products were washed several times with hexane by the magnetic
decantation. The reaction parameters used in the synthesis of a series of
iron sulfide NPs are listed in Table 1.

2.2. Measurement methods

The powder diffraction data for Rietveld analysis were collected at
room temperature with a Bruker D8 ADVANCE powder diffractometer
(Cu-Ka radiation) and linear VANTEC detector. The step size of 26 was
0.016°, and the counting time was 5 s per step. Rietveld refinement was
performed by using TOPAS 4.2 [20].

Morphology of the synthesized NPs was examined using a JEM-2100
transmission electron microscope (JEOL Ltd.) operating at an acceler-
ating voltage of 200 kV. The microscope was equipped with an energy
dispersive spectrometer (EDS), Oxford Instruments, what was used to
control the elemental composition of the samples. Selected-area electron
diffraction (SAED) was used to determine the structure of separate NPs.

Fourier transform infrared absorption (FT-IR) spectra were recorded
with the VERTEX 70 (Bruker Optik GMBH) spectrometer in the spectral
region of 400 = 4000 cm ! with spectral resolution 4 cm ™. To obtain
the spectra, tablet samples were prepared containing OLA or HDA NPs.
The round tablets were of about 0.5 mm thick and of 13 mm in diameter
and had a weight of 0.140 g. The tablet were prepared as follows: in less
than 0.001 g of nano-powders were thoroughly ground with 0.14 g of
KBr and were subjected to the cold pressing at 10000 kg. The FT-IR
spectrometer was equipped a Globar as a light source and a wide band
KBr beam splitter and RT-DLaTG as a detector (Bruker Optik GMBH).
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Fig. 2. TEM images in different scales of the FS-OLA (a, b) and FS-HDA (d, e) NPs, and histograms of the NPs size distribution for these two samples (c and f),

correspondingly.

The differential Scanning Calorimeter DSC 204 F-1 Phoenix (NETZSCH)
was used to estimate the strength of the surfactants bonding with the
magnetic core.

The Mossbauer effect spectra of the samples were obtained on an MS-
1104Em spectrometer in transmission geometry with a >’Co (Rh) radi-
ation source at 300 K. The processing was carried out in two stages. At
the first stage, possible nonequivalent positions of iron in the sample
were determined by calculating the probability distributions of mag-
netic hyperfine fields. In accordance with the results obtained, a pre-
liminary spectrum model was formed. At the second stage, the model
spectrum was fitted to the experimental one by varying the entire set of
hyperfine parameters using the linear approximation of the least
squares’ method.

Magnetic properties of the samples were studied using MCD in
transmitted light, as it was mentioned in the Introduction. For the
measurements, transparent composite plates containing NPs were pre-
pared: the NPs powder was mixed with a transparent dielectric silicone-

based adhesive (“Rayher” art. Nr. 3338100 80 ml) in a weight ratio of
0.5/100, and measures were taken to obtain their uniform distribution
in the matrix. The mixture was placed between two thin glass plates
lined with wires 0.15 mm in diameter and solidified. The low concen-
tration of magnetic powder allowed us to eliminate interactions between
NPs. The MCD was measured according method used in Ref. [21] in
normal geometry: directions of the magnetic field and of the circularly
polarized light wave propagation were normal to the plane of the plates.
Modulation of the light wave polarization from right to left circular
relative to the direction of the magnetic field was used to increase the
sensitivity of measurements. MCD was measured as the difference be-
tween the optical densities of the sample (AD =D - D_ for right (+) and
left (-) polarized waves in the spectral range 1.25-3.5 eV in a magnetic
field of 1.3 T at a temperature of 300 K and in a field of 0.3 T at lower
temperatures. The measurement accuracy was about 10, and the
spectral resolution was 20-50 cm ™!, depending on the wavelength.

Fig. 3. SAED patterns for NPs in the OLA (left panel) and HDA (right panel) samples. Green arrows mark the main Fe3S4 phase reflexes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

57



R.D. Ivantsov et al.

(0]
&)
c
&
€
7
=
&
= 5 5
2 2 o Fe,S, OLA I S
== Fe,S, HDA ]
Fe;S, g
500 1000 1500 2000 2500 3000

Wavenumber (cm™)

Fig. 4. FT-IR transmission spectra of the Fe3S, nanoparticles (1) synthesized
with the polyol mediated process [18], OLA (2) and HDA (3) samples.

3. Results and discussion

The difference Rietveld plots for both powdered samples are pre-
sented in Fig. 1. The series of the peaks in the XRD patterns for these
samples are characteristic for the cubic Fe3S, structure (PDF card No.
16-0713). No distinct peaks belonging to other iron sulphides or oxides
are observed in the patterns although the difference curves show weak
disturbances in the range of angles 26 = 20-50 deg. In this angles in-
terval, the series of weak reflections of smythite, FegS11, and pyrrhotite,
Fe;Sg, were observed in Ref. [22]. Besides the (311) reflex of greigite
coincides, practically, with the (101) reflex of smythite and the (200)
reflex of pyrrhotite. However, judging by the intensity of disturbances,
the proportion of such phases does not exceed 5%. The refines lattice
parameter and cell volume of Fe3S4 nanocrystals were a = 9.8791(9) A
and V = 964.2(3) A® for the OLA sample, and a = 9.8772(8) A and V =
963.6(2) A3 for the HDA sample in an agreement with the literature data
9.8719(1) A in Ref. [2].

For both samples, the electron microscope observation revealed NPs
of different shapes and with a large size dispersion. Examples are shown
in Fig. 2 for fragments of the FS-OLA (a, b) and FS-HDA (d, e) samples in
different scales. Regular hexagons and parts of hexagons are seen in
photos. Some changes in the density of the NPs image can be seen at
their edges, which may be due to the presence of an organic shell. It is
also seen that there is no contact between closely spaced NPs, a gap
remains between them, which may be due to the presence of an organic
coatings. As seen in histograms (Fig. 2 d and f), the NPs size distribution
is narrower for the FS-HDA sample, and the distribution maximum
corresponds to smaller NPs size in this case.

SAED patterns (Fig. 3) confirmed the NPs good crystallinity, and the
crystal structure belonging to the FesS,4 of Fd-3m space group. The low
admixture of sulfur compounds with the higher S content could not be
excluded. Negligible amount of sulfur has been noticed in the HDA
sample. According to EDS data, the Fe and S atomic concentrations were
Fe - 42 at. %; S - 58 at. % and Fe - 40 at. %, S - 60 at. % for OLA and HDA
samples, respectively, that is the sulfur concentration in the samples was
a little bit higher comparing to Fe3S4: Fe 42.8 at. % S 57.2 at. %. It can be
associated with the presence of the free sulfur or the small amount of the
other sulphides phases with higher Fe concentration such as Fe;Sg or
F89511.

The FT-IR transmission spectra of OLA and HDA samples are shown
in Fig. 4 in comparison with the spectrum of the Fe3S4 NPs synthesized
earlier with the polyol mediated process [18]. In the last case, several
very weak lines in the regions of 996-1469, 1620-1730, and near 3000
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Fig. 5. Mossbauer spectra of two samples at room temperature.
em™! are observed in the spectrum (curve 1) which does not change

absolutely at the sample heating up to 850 °C. The sample mass does not
change also. Thus, it can be argued that these NPs are chemically stable
and the observed lines can be ascribed to S-S stretching bonds, and S-O
and H-O bonds arising because of the samples moisturizing in atmo-
sphere, similar to the interpretation of the FT-IR spectrum of FeSy NPs
presented in Ref. [23].

In the OLA sample spectrum (curve 2) new feature appears in the
region of 400-720 cm ™! and the feature at 996-1469 cm ™' becomes
more intense and better resolved. As concerns the first of these groups,
the observed peaks can be ascribed to Fe-O, or C-S bending modes, or to
the out of plane N-H bending mode. The sample is resistant to heat in the
argon atmosphere up to 300 °C. The content of the modifier in the
sample is about 11% according to the weight loss at heating to 850 °C.
After such heating, the spectrum is converted to the first sample spec-
trum (curve 1).

The HDA sample spectrum (curve 3) contains the same set of peaks as
the OLA sample but rather intense and better resolved. Since the samples
differ from each other only in the nature of the amines, we can confi-
dently assert that the peaks observed in the HDA sample spectra are due
to the presence of hexadecylamine. Indeed, the set of two intense peaks
at 2849 and 2917 cm ™ *and much weaker peaks at 2954 and 3260 em!
as well peaks at 1469 and 1617 cm ™! are very close to that observed for
hexadecylamine and silver and gold NPs capped with hexadecylamine in
Ref. [24]. At that, the most prominent peaks at 2917 and 2849 cm ! can
be ascribed to C-H stretching of terminal CHs and CHy group of alkyl
chain of HDA, according to Ref. [23]. Note, that oleic acid was used in
the synthesis of OLA and HDA samples in the same amount. So, one can
expect its contribution in the spectrum as low intense peaks at ~2928
and ~2858 cm ™! corresponding to the asymmetric and symmetric
stretching vibrations of CHy group, respectively [25]. They seem to be
indistinguishable in the background of the above mentioned intense
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Table 2

Mossbauer parameters of the samples. IS is the chemical isomer shift relative to
o-Fe, Hyris the hyperfine field at iron nuclei, QS is the quadrupole splitting, W is
the width of the Mossbauer line at half maximum, dH is the degree of in-
homogeneity of the hyperfine field at iron nuclei, A is the relative population of
the position.

IS, Hyy, QS, w, dH A Positions
mm/s T, mm/s mm/s mm/s % Description
+0.005 +0.3 +0.01 +0.01 +0.01 +1.0
OLA
S1 0.294 31.6 0.05 0.27 0 17 FesSy —-A
S2  0.527 31.6 —0.13 0.23 0 14 FesS; -B
S3  0.506 30.2 0.14 0.32 0.38 33 Fe3Ss -B
S4  0.562 25.3 0 0.31 0.197 3 FegS11
D 0.368 - 0.81 0.55 - 34 Fe3S4-SPM
HDA
S1 0.298 31..2 0.00 0.24 0.00 30 FesSs —-A
S2  0.570 312 0 0.18 0.18 29 FesSs -B
S3  0.547 30.2 0.49 0.18 0 7 FesS; -B
S4  0.527 25.5 0.04 0.55 0 5 FegS11
D 0.344 - 0.73 0.56 - 29 Fe3S4-SPM

peaks of hexadecylamine. The HDA sample is thermally stable at heating
up to 180 °C. Heating to 850 °C in the argon atmosphere leads to the
weight loss of 56% and the spectrum conversion to curve 1. Judging by
the weight loss upon heating, the organic coating of the magnetic core is
much thicker in the HDA sample as compared to the OLA sample, which
agrees with the electron-microscope image in Fig. 2 e.

Mossbauer spectra for both samples are shown in Fig. 5. The pro-
cessing results are collected in Table 2. The best fittings of the modelled
spectrum to the experimental ones were obtained taking into account
several sextets and one doublet. As mentioned in the introduction, Fe3S4
has a spinel crystal structure, which is characterized by the presence of
Fe>' cations in tetrahedral and octahedral and Fe?" cations in octahe-
dral positions. The different local environment of iron in these positions
leads to differences in their Mossbauer parameters, first of all, the
isomeric chemical shift (IS), which depends on the electron density on
the nucleus. As shown in Refs. [1,18,26,27] the characteristic IS for
tetrahedral coordinated iron in Fe3S4 is 0.28-0.43 mm/s. That is why,
the S1 sextets in the observed spectra can be ascribed to Fe ions occu-
pying tetrahedral positions (A). Two other sextets S2 and S3 are logical
to be referred to the Fe ions in octahedral positions (B1 and B2) in
accordance with the significantly greater isomer shift. Such a change in
the value of IS, as already mentioned, is due to different six’s electron
density on the iron nuclei, which is determined by the degree of delo-
calization of iron electrons at the formation of chemical bonds. Some
authors (e. g., Ref. [18]) do not distinguish these positions and consider
one sextet with IS shift 0.5-0.55 mm/s to the Fe>>" ions associating such
valence value with the fast electron exchange Fe*' and Fe?" ions in
octahedral positions characteristic for Fes3S;. However, here we
preferred to separate the two positions, since some distribution over the
Hpf: octahedral (B2) iron cations are characterized by S2 sextet with an
increased Hys. This may indicate the appearance of an additional mag-
netic bonds or cation vacancies for such cations.

Sextet S4 is characterized by significantly lower value of Hpy¢
comparing to that observed for FesS4 but close to Hyps obtained in
Ref. [28] for one of the sextets in the Mossbauer spectrum of smythite
(FegS11). As it seen from Table 2, the portion of this component is very
small. And, at last, the rather intense doublets (D) indicate a super-
paramagnetic state at room temperature of about one third of the
nanoparticles both for OLA and HDA. This correlates with the presence
of nanoparticles with sizes less than 20 nm in both cases (Fig. 2 c and f).
The described comparison of the components of the Mossbauer spectra
with certain magnetic states of nanoparticles and positions of iron ions is
presented in the right column in Table 2.

Note that the population of the tetrahedral positions of the inverted
spinel should be half of that in the octahedral ones, which is not
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Fig. 6. Room temperature MCD spectra for the Fe3S4 NPs, synthesized with the
polyol mediated process without surfactants (1), the OLA (2), and HDA (3)
samples in magnetic field 5.0 kOe.

observed in the present samples. At that, a deficiency of iron ions in A
positions are observed for sample FS-OLA while for FS-HDA sample
there are not enough ions in the B positions. At the same time, ration of A
and B position populations in the greigite NPs synthesized with polyol
mediated process was ~' analogously to the stoichiometric greigite
crystals (Table 1 in Ref. [18]). Assumption is possible that the nature of
surfactants has an effect on the distribution of cations over positions
occurring in the course of the NPs formation. Different effects of OLA
and HDA may be due to the different degree of unsaturation of surfac-
tant molecules. OLA refers to the so-called unsaturated fatty amines [29]
while hexadecylamine is saturated amine. As known in chemistry, in
saturated hydrocarbons all hydrogen atoms and carbon atoms are
bonded together with single bonds, unsaturated hydrocarbons have
double or even triple bonds between the carbon atoms. This makes
unsaturated hydrocarbons even more reactive than saturated hydro-
carbons. Such a difference between chemical activity of two surfactants
can play an important role in the NPs formation but this problem re-
quires additional study.

MCD spectra recorded for both samples at room temperature are
presented in Fig. 6 together with spectrum of the greigite NPs synthe-
sized earlier with polyol mediated process [30]. All three spectra are
close to each other in shape, but the maxima positions change
non-monotonically: the energy of maximum near 2 eV stays, practically,
unchanged, while higher energy maximum and the point of the MCD
curve intersection with the energy axis shift differently to higher en-
ergies. The shifts are evidently stronger for the HDA sample, even a new
negative peak near 1.3-1.4 eV becomes apparent for this sample. Dis-
cussing the origin of the MCD spectrum of greigite NPs, authors of [30]
carried out ab initio calculations of the bulk FegS4 band structure by the
pseudo-potential method using the plane wave basis within the density
functional theory (DFT) in the generalized gradient approximation.
They obtained the spin polarized density of states (DOS) for two atomic
positions — octahedral and tetrahedral sites of Fe3S4. At that, the domi-
nant contribution at the Fermi level resulted from the spin down
d-electrons originated from the octahedral iron ions. The MCD spectrum
was shown to be formed by the interband excitations from the occupied
to empty electronic states with the same spin projections. As can be seen
from the characteristics of the spectra of the Mossbauer effect (Table 2),
the populations of the octahedral and tetrahedral positions are different
for the two types of coatings. This can lead to some changes in the
density of states and, consequently, to the observed shift of bands in the
MCD spectrum and a redistribution of their intensity.

The MCD dependences on an external magnetic field are shown in
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Fig. 7. MCD dependences on magnetic field (a) for OLA (1) and HDA (2) samples at room temperature, and (b) for the HDA sample at two temperatures in lower
magnetic field. The dependences are recorded for the wavelength corresponding to the MCD maxima near 2 eV.

Fig. 7. Since the MCD is a linear function of magnetization, its depen-
dence on the magnetic field and temperature reflects similar de-
pendences of the magnetization of the samples. However, the ratio of the
MCD values in different samples may differ from the ratio of the mag-
netizations. Thus, the shape of the curves of the MCD dependence on the
external magnetic field can be used to clarify the processes of magne-
tization reversal of samples. It is seen from Fig. 7 that the presented
curves can be considered as a sum of two types of the magnetization
processes — ferromagnetic with hysteresis and remnant magnetization
and superparamagnetic. The picture is almost the same for both samples:
OLA and HDA. Fig. 7 shows the same value of coercivity of the HDA
sample for two temperatures, that is, upon cooling to 110 K, a significant
part of the NPs remains in a blocked state. A more detailed study of the
behavior of the OLA and HDA NPs in a magnetic field is in progress now.

4. Conclusion

Greigite NPs were synthesized by the thermal decomposition method
using two types of surfactants — oleylamine, C;gH3sNHj, (sample OLA)
and 1-hexadecylamine, C;gH39NO>, (sample HDA). The surfactants type
does not effect in the NPs crystal structure. In both cases, Fe3S4 nano-
crystals with the cubic inverted spinel structure were obtained. Thermo-
gravimetric analysis and FT-IR spectra recorded before and after the
samples heating proved the presence of the organic shells around Fe3S4
magnetic core in both cases, however this shell is considerably more
massive for the HDA sample. Surfactants affect the Mossbauer spectra,
leading to different Fe>* and Fe* distribution over octahedral and
tetrahedral crystal positions in the OLA and HDA samples, an appear-
ance of cation vacancies, and the energy bands shift relative to the bands
in Fe3S4 NPs without shell. HDA shell effects markedly in the MCD
spectrum: the spectrum shifts to the higher energy and the maxima in-
tensity redistribution is observed in this sample comparing to the OLA
sample and initial Fe3S4 sample. This effect is associated with a change
in the density of electronic states in the HDA sample due to a change in
the distribution of iron ions over crystal positions revealed using the
Mossbauer effect.
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