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Abstract
In the present work, the structural, magnetic, and theoretical analysis of the Fe–Si alloy prepared by melting and heat-
treated was performed. The ordered FeSi simple cubic (sc) phase was obtained by melting and heat treatment processes 
as determined by X-ray diffraction. The presence of the superstructure peak in the (312) crystalline direction confirms the 
high structural order reached. Using Mössbauer spectrometry (MS), a paramagnetic behavior with quadrupole splitting of 
SQ = 0.53 ± 0.02 mm/s was obtained. Although MS indicates paramagnetic behavior, vibrating sample magnetometry (VSM) 
showed ferromagnetic behavior with a coercive field of 25 Oe, associated with a small amount of Fe3Si segregations detected 
by scanning electron microscopy/energy dispersive spectrometry (SEM/EDS). Using density functional theory (DFT), the 
crystalline structures for the simple cubic (sc) Fe50Si50, face-centered cubic (fcc) Fe3Si, and body-centered cubic (bcc) Fe3Si 
crystalline structures were simulated. Electron total density values were calculated to perform energetic comparisons with 
magnetic behavior. The electronic structures and magnetic properties of the Fe–Si alloys in different stoichiometric configu-
rations were calculated by CASTEP, which employed first principles DFT. The density of states (DOS) and band structures 
were calculated together with magnetic properties. The results showed that the high value of the polarization spin for the 
fcc and bcc structures is due to the contribution of the high amount of Fe atoms above the Si atoms, which is reflected in 
an increase in the magnetic moment and that their presence could explain the ferromagnetic behavior observed by VSM.

Keywords  Mössbauer spectrometry · X-ray diffraction. · Spin-polarized density functional theory (DFT) calculations · 
Scanning electron microscopy (SEM)

1  Introduction

During the last years, the study of the magnetic and elec-
tronic transport properties of new materials has been of great 
interest inside the scientific community, looking for their 
possible applications. The research on this type of materi-
als has focused on the ability to synthesize them in such a 
way to obtain a significant effect of spin polarization [1]. 
The recent advances performed in the field of electronics 
have served to study the influence of spin over the conduct-
ing properties. It is a field that is currently booming, and its 
development would be very successful if fully rotationally 
polarized materials could be developed.

Studies related to spin polarization in the framework of 
the density functional theory (DFT) have become a power-
ful tool to describe the magnetic properties of solid-state 
materials [2]. These calculations allow us to obtain a quan-
titative base of the spin behavior and predict the different 
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mechanisms that lead to the magnetism appearance. Magnet-
ism in transition metals occurs mainly due to the competition 
between the electronic spin-exchange interaction energy of 
the 3d electrons and the thermal one. In order that magnet-
ism occurs, the electrons must be located within the elec-
tronic 3d states, as observed in well-known metals like iron 
(Fe), cobalt (Co), and nickel (Ni).

Binary alloys have been widely studied for various appli-
cations, mainly Fe–Si alloys [3–6], in their cubic structure 
due to their paramagnetic behavior. The high permeability 
of Fe–Si alloys and low Si concentrations are essential char-
acteristics of this type of alloys that make it very efficient for 
the development of better electronic devices, transformers, 
and flow multipliers. During a previous work on Fe50Si50 
alloys [6], the formation of different Fe–Si phases was 
observed, for example, sc, and bcc, when the alloy was pre-
pared by mechanical alloying for 48 h [7]. This sample was 
synthesized for 72 h at 750 °C, obtaining the paramagnetic 
FeSi (sc) and Fe5Si3 phases, where the latter is the most sta-
ble at high temperatures and is called the η phase. When the 
sample was ground at different moments of the experiment, 
it was possible to observe the absence of a high-temperature 
bcc Fe–Si phase (α phase), in turn joining with the FeSi 
phase (sc). If the milling time is increased considerably, both 
phases become disordered. However, the Fex–Siy system has 
several phases [8], which can crystallize depending on the 
used temperature during the synthesis: ß-FeSi2 semiconduc-
tor, which is amorphous [9], nanocrystalline (NC)–FeSi2 
[10], and FeSi metallic nonmagnetic [11].

On the other hand, it has been highlighted by Al-Sharif 
et al. [12] that there are several reasons to consider the equi-
atomic FeSi compound as an interesting material, among 
them the rapidly increasing of magnetic susceptibility at 
low temperatures with a full maximum at 500 K, which 
can be considered as a particular magnetic property. In this 
respect, the application of computational simulations is of 
great interest for obtaining electronic properties that explain 
the unusual magnetic behavior of this material. The recent 
advances have been found based on the first principles den-
sity functional study on the Fe–Mo double Perovskites, as 
was reported by Carvajal et al. [13]. The results showed that 
valence and conduction bands are formed by bonding and 
antibonding crystalline orbitals arising from combinations of 
Fe and Mo d orbital with O p ones. Masrour et al. [14] stud-
ied electronic and magnetic properties, and phase diagrams 
of systems with the Fe4N structure by ab initio calculations 
and Monte Carlo method. The results showed that a clear 
two-step hysteresis loop could be observed, typical for the 
mixed 1 and 3/2 spin Ising model with Fe4N structure. Gu 
et al. [15] used density functional calculations on the Fe–Pt 
system’s electronic and magnetic properties from the band 
structure and density of states analysis. The results showed 
that when Pt concentration increases, Fe 4s, and 3d electrons 

decrease while 4p electrons increase, and the magnetic 
moment of Fe atom increases. Pt atoms also contribute to 
the magnetic moment due to polarization. Cardoso Schwindt 
et al. [16] studied the electronic structure, chemical bonding, 
and magnetism on FeSiAl alloy using density functional the-
ory (DFT). These calculations were performed to understand 
the magnetic properties of this alloy. The results showed that 
magnetic moments of Fe atoms decrease due to the effect of 
Si and Al. The DOS and band structure reveals the stabili-
zation of Fe, Si, and Al bands. Nazir et al. [17] studied the 
structural, electronic, and magnetic properties of ZnS and 
CdS alloyed with 25% Cr, and could show the stability of the 
ferromagnetic spin state versus the antiferromagnetic state.

Based on all these investigations, our work aims to study 
the Fe–Si different phase behaviors and how they affect its 
stability and electronic and magnetic properties. From Möss-
bauer spectrometry (MS), X-ray diffraction (XRD), vibrating 
sample magnetometry (VSM), and density functional theory 
(DFT) calculations we study the magnetic behavior of FeSi 
in the sc, fcc, and bcc phases. In this work, we present a 
detailed study of the electronic structure and magnetization 
of FeSi (sc and fcc) within generalized gradient approxi-
mation (GGA) using self-consistent full-potential methods. 
Many experimental works are found in the literature for 
compositions near the Fe50Si50, but the theoretical calcula-
tions of current work, applying the first principle density 
functional theory (DFT) method, reported, by the first time, 
the electronic properties of the phases around the equiatomic 
composition, explaining in this way their magnetic behavior.

2 � Experimental methodology

2.1 � Sample preparation and characterization 
techniques

The samples were prepared by using high purity Fe and Si 
powders (> 99.9%). Samples of 3.0 g were prepared by arc 
melting in an argon atmosphere, followed by heat treatment. 
The heat treatment process was carried out by first, encap-
sulating the obtained pellet, after the melting process, in an 
evacuated quartz tube under an argon atmosphere, and then 
increasing the temperature up to 900 °C to homogenize the 
sample and to establish the sc structure, and then keeping it 
at 750 °C for 72 h to permit its ordering. Mössbauer Spec-
troscopy measurements were conducted in a conventional 
spectrometer with a 57Co(Rh) source of 25 mCi. The Möss-
bauer spectra were fitted using the MOSFIT program [18], 
and the hyperfine parameters were referred to pure α-Fe. The 
XRD patterns were registered in a Bruker D8 ADVANCE 
diffractometer using a CuKɑ source and a graphite mono-
chromator in the detector entry. The calibration sample was 
Si. The patterns were taken from 20.00 up to 85.00°, in steps 
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of 0.02° every 5 s. The patterns were refined by using the 
GSAS program [19] applying the Rietveld method. The 
VSM measure was realized between ± 2.0 T with a mag-
netic field variation rate of 50 Oe/s at 300 K in a PPMS of 
quantum design system.

2.2 � Theoretical methodology

The electronic properties of FeSi were studied within the 
density functional theory (DFT) framework. Generalized 
gradient approximation (GGA) with Perdew–Burke–Ernz-
erhof (PBE) was used within the Cambridge sequential total 
energy package (CASTEP) code [20, 21]. The electron and 
core interactions are included using the ultrasoft pseudo-
potential. Among the ultrasoft pseudopotentials available 
in CASTEP are included the necessary parameters for the 
inclusion of the spin–orbit coupling essential for relativis-
tic correction [22]. Depending on the computational tool 
available, the Coulomb U energy and the J exchange energy, 
known as the Hubbard potential, are combined into a single 
parameter known as the Coulomb U repulsion on site, which 
are included in the computational code within the CASTEP 
platform. DFT + U calculations were performed for spin 
polarization [23, 24]. Atomic positions were optimized until 
the residual forces were 0.01 eV/Å. The integration in the 
Brillouin zone has been done on special k points (8 × 8 × 8 
Monkhorst–Pack grid) determined according to the Monk-
horst–Pack scheme with a cutoff energy of 330 eV.

To investigate the Fe–Si alloy, the simple cubic (sc) FeSi, 
the face-centered cubic (fcc) Fe3Si, and the body-centered 
cubic (bcc) Fe3Si structures were used. Figure 1 illustrates 
the cubic cell structure of FeSi constructed from the XRD 
results and molecular modeling. The lattice parameters, 

density of states (DOS), and electronic band structure or 
simply band structure were obtained in our calculations.

The DOS plays a vital role in the analysis of the physical 
properties of materials. In solid state and condensed matter 
physics, the DOS of a system describes the number of states 
per interval of energy at each energy level that is available 
to be occupied. A high DOS at a specific energy level means 
that there are many available states for occupation. A DOS 
of zero means that no states can be occupied at that energy 
level. Band structures describe the range of energies of an 
electron that is within the solid material.

3 � Results and discussion

The melting and heat treatment processes allowed us to 
obtain and consolidate the ordered FeSi simple cubic (sc) 
phase, which is of the B20 structure. By X-ray diffraction, 
we found that the system presents a FeSi mono-phasic sc 
structure (see Fig. 2), with parallel and perpendicular crys-
tallite size of 574.2 ± 0.5 (nm) and 209.6 ± 0.5 (nm), respec-
tively, and a lattice parameter of 4.489 ± 0.003 (Å).

The FeSi system’s metallography shows uniformity and 
homogeneity of material related to tonality and texture (see 
Fig. 3a). Figure 3b shows some lighter small areas and large 
dark areas, to identify the difference in composition between 
them, SEM–EDS measurements were performed.

In agreement with the results obtained by X-ray dif-
fraction, the large dark areas must correspond to the FeSi 
sc phase, while the small light areas are related to phases 
rich in Fe, an element with a higher atomic number than 
Si. It is possible that the phase percentage of the clear zone 
is less than the detection limit of X-ray diffraction. The 
results of SEM–EDS of Fig. 4 indicate that the average 

Fig. 1   Cell structure for FeSi. a Simple cubic (primitive) structure. b Cubic sodium chloride structure (fcc)
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composition of light and dark areas is Fe75.2Si24.8 and 
Fe51.8Si48.2, respectively.

Figure 5 shows the Mössbauer spectrum obtained for 
the sample, that allows concluding that the FeSi (sc) sys-
tem presents a paramagnetic behavior at room temperature, 
due its fitting includes one doublet with an isomer shift of 
0.29(3) mm/s and a quadrupole splitting of 0.53(0) mm/s. 
This paramagnetic behavior has been reported in the same 

system when it was produced by mechanical alloying at 
different milling times [25].

The VSM measurement shows that the hysteresis loop 
is narrow (see Fig. 6a), and after performing a zoom near 
the coordinates origin (Fig. 6b), it is observed that the 
coercive field (Hc) is 25.9 ± 0.2 Oe, which indicates the 
soft magnetic character of the sample.

Fig. 2   XRD pattern of the 
Fe50Si50 ordered sample

Fig. 3   Metallographic micrographs of Fe50Si50 prepared by melting and heat treatment. a General view, b image taken at × 200 with evidence of 
the coexistence of two possible phases (dark: FeSi (sc), bright: Fe3Si)
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The fact that VSM measurement detected a weak fer-
romagnetism and Mössbauer measurement a paramagnetic 
behavior, could be attributed to the grain boundaries, in 
which the fact that VSM measurement detected a weak fer-
romagnetism and Mössbauer measurement a paramagnetic 
behavior could be attributed to the grain boundaries, in 
which the coherence is lost, and the coordination number 

of Fe atoms is different to that inside the grains (crystal-
lites). Probably, on the grain boundaries, it can appear 
less Fe–Si bounds than those inside the grains. Therefore, 
more Fe–Fe bonds are present on the grain boundaries, 
and, as it was shown in a recent study about Fe50Si50 sam-
ples milled at different times the grain boundaries are the 
places in which Fe3Si crystallites begin to be formed. As it 

Fig. 4   SEM image of FeSi 
sample

Fig. 5   Mössbauer spectrum of 
the FeSi (sc) system at RT
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was reported in the literature, this phase is ferromagnetic 
[26–28].

From the hysteresis loops, the Thamm and Hesse plot 
was obtained [29]. For this, the hysteresis loop was nor-
malized using the magnetization value at 2 T. The data 
from initial magnetization, demagnetization, and final 
magnetization curves 1, 2, and 3 respectively, were used 
and the average of loops 2 and 3 was found (Fig. 7a). 
Finally, the difference between curve 1 and the average 
was carried out, and this difference can be observed in 
Fig. 7b.

The result of Fig. 7b allows us to conclude that for small 
applied fields, the magnetization of the sample is contrary to 
the applied field, indicating that the main magnetic interac-
tion between the magnetic moments of the particles is from 
the dipolar origin. This effect was also reported in films of 
magnetic recorders [27]. As for the case of a high applied 
field, the competition between the ferromagnetic exchange 
interaction and the dipole interaction is similar, and the 
δM values are near zero. It is possible that the magnetic 
moments of the small particles can be rotated to the applied 
field direction, contributing in this way to the exchange inter-
action of the atoms, and a competition of the dipolar inter-
actions with the moments of the big particles could occur.

The XRD and Mössbauer results indicate the presence 
of one phase, with a simple cubic crystalline structure (with 
a paramagnetic behavior), while as, VSM and SEM/EDS 
suggest the presence of an additional phase with weak fer-
romagnetism associated to a bcc-D03 (Fe3Si) type structure 
[26]. To complement these results, the band structure and 
the density of states of both structures were theoretically 
studied, i.e., sc-Fe50Si50 (paramagnetic), fcc-Fe3Si (ferro-
magnetic), and bcc-Fe3Si (ferromagnetic).

In Figs. 8, 9, and 10, the calculated density of states 
(DOS) and band structures for FeSi (sc), Fe3Si (fcc), and 
Fe3Si (bcc) are observed and Table 1 shows the energetic 
and thermodynamic values obtained from the simulation. 
These plots were obtained by the first-principle density 
functional theory with the polarization method. As only Fe 
has magnetic properties is; therefore, considered as spin-
polarized, and for Si, the spin density is not restricted [30]. 
The obtained results indicate that the 3d electrons of the fcc 
and sc phases are close to the Fermi energy (represented as 
energy = 0). However, the peaks for the fcc and bcc struc-
tures (Figs. 9a, 10a) are larger than the sc one (Fig. 8a).

This may be because, in the fcc structure, the electrons 
with both up and down spin tend to be located near the 
Fermi level, and for the sc, the spins are delocalized: This 

Fig. 6   Hysteresis loop of FeSi 
sc system, a complete hysteresis 
loop, b zoom of the hysteresis 
loop around the origin
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reflects in the spin polarization value which is higher for the 
fcc phase as shown in Table 1. The bcc phase has a similar 
behavior than that of the fcc phase; thus, it is possible to 
conclude from the experimental evidence discussed above 
that this phase may also be present.

The valence and conduction bands for the sc structure 
(Fig. 8b) are completely overlapping, which indicates that 
there is not a separation between different reciprocal lattice 
points, with a bandgap of 0.392 eV. However, in the band 
structure (Fig. 9b), the valence and conduction bands are 
located at different reciprocal lattice points with a bandgap 
of 0.775 eV. Similar behavior is observed for the bcc phase 
(Fig. 10b), with overlapping of the band lines that indicates 
a semiconductor behavior and a pronounced peak in the 

vicinity of the characteristic Fermi level of the structures 
that have magnetization. Thus, it can be concluded that the 
Fe3Si phases (fcc and bcc) behave as an indirect bandgap 
semiconductor, with high stability reflected in its energy gap 
[31, 32]. In addition, the origin of the magnetization of the 
fcc and bcc phases of Fe3Si may be due to the change origi-
nating in the spin transfer caused by the electrical change 
[33].

On the other hand, the FeSi in its primitive phase (sc) 
would have stable paramagnetic behavior, reflected in its 
small energy gap. The main peaks centered near the Fermi 
level are due to the highest occupied states, and the peak 
just above the Fermi energy is due to the flat band states, 
and so in this way, the signal of the magnetic transitions 

Fig. 8   a Total density of states (DOS) and b band structure of FeSi (sc) around the Fermi level (dotted line)

Fig. 9   a Total density of states (DOS) and b band structure of Fe3Si (fcc) around the Fermi level (dotted line)
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in these two phases (fcc and bcc) is presented around the 
X-point [12].

It can be deduced, from the theoretical results, that the 
experimental evidence obtained with the Mossbauer spec-
trometry may be due to the fcc or bcc phase or a combina-
tion of both since they have a very pronounced signal near 
the Fermi level that confirms the magnetization and spin 
polarization reported in Table 1.

4 � Conclusions

The melting and heat treatment process allowed us to con-
solidate the ordered FeSi (sc) phase, which presents a para-
magnetic behavior. The soft magnetic behavior detected by 
VSM measurement contrasts with the paramagnetic behavior 
detected by Mossbauer spectrometry. This is explained by the 
nanostructured character of the sample, in which the atoms 
of the grain boundaries lost their coherence and can be the 
formation seed of the Fe3Si ferromagnetic phase. This was 

correlated using theoretical calculations, where it was demon-
strated that the presence of Fe3Si stoichiometry in the fcc and 
bcc crystalline structures is probable. The magnetic behavior 
of the detected particles by VSM is confirmed by the Thamm 
and Hesse plot, which shows that particles present a dipolar 
magnetic interaction. Electronic properties determination 
through simulation allowed a deep study of these structures 
and open different paths to evaluate electric, magnetic, and 
electrochemical and predict the material behavior in controlled 
conditions. DFT calculations showed that the highest polariza-
tion is presented by the fcc phase, followed by the bcc struc-
ture. This is due to their electrons are more localized near the 
Fermi level, which increases the magnetic moment, as well as 
a greater number of Fe atoms that contribute to the magnetic 
moment. The analysis of the band structures revealed that the 
Fe3Si (fcc) and bcc crystalline structures have semiconduc-
tor behavior and phase stability as compared to the FeSi (sc) 
phase, which is unstable in its phase.
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