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Within the framework of the full-potential method of augmented plane waves with local orbitals, the electronic
structure and X-ray spectral characteristics of the semiconductor and metal phases of iron disilicide were calculated.
The total and partial densities of electronic states, the band structure, and X-ray absorption spectra of the iron
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1. Introduction

Currently, with the development of nanoelectronics and
spintronics, there is interest in fundamental and applied
research [1,2], which entails the need for high-precision
methods for analyzing the physicochemical properties of
materials. The nanostructures made of transition metal
disilicides are one of the fundamental materials in the
production of micro- and nanoelectronics [3,4]. Among
these compounds, iron disilicide [5,6] is of particular
interest, since it is capable of forming metallic and semi-
conductor phases. The densities of electronic states and
the band structure play an important role in predicting
various properties of materials, including quantum ones.
It is known that reducing the size of crystals to the
nanometer scale causes a change in properties at the
interface [6,7]. Therefore, a comprehensive study of FeSi,
is of fundamental importance. In the work [8], they
obtained the spectra of the X-ray absorption near edge
structure spectroscopy (XANES), near the K-edges of iron
absorption in the multilayered nanostructure, consisting of
layers of magnetic transition metals CossFessZr1¢, separated
by non-magnetic layers consisting of SiO, and a-Si. The
discovered identity of these spectra and the spectrum of
the K-absorption edge of metallic iron turned out to be
completely unexpected and necessitates an explanation of
this fact. We perform calculations FeSi; in order to
further determine whether this compound is present in these
multilayer nanostructures at interlayer boundaries, since in
the work [8] the main maximum of the absorption K-edge
is located at the same distance from the absorption edge as
for iron silicides.

Previously, iron disilicide has already been partially
investigated, for example, in the works [9-11], the study
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of the band structure of only the metal phase a-FeSi, was
carried out, while in the work [12], the study of already
both phases, and in the works [13-17], only B-FeSi, was
studied. It should be noted that in the works of [12,14],
the energy gaps in the band structure of the semiconductor
phase turned out to be direct, and in [13,16] — indirect and
the position of the extremes coincided.

The difference in the band structures obtained in different
calculations can be explained by the use of different theore-
tical methods, which are improved over time. Experimental
methods are also being improved over time, for example,
in the works of [18,19] on the absorption spectra of iron,
an increase in broadening with an increase in energy can
be noticed, leading to the fact that the main maximum,
which, as we will show below, is double, becomes single in
the experiment and is not suitable for use in works where
a higher resolution is required. The current development
of machine learning methods [20] can make it possible to
determine which compounds are present at the boundaries
of the multilayered nanostructures, and the use of spectra in
higher resolution can have a significant impact.

Therefore, the aim of this work is an unambiguous
theoretical determination of the electronic structure of
the semiconductor and metallic phases of iron disilicide,
in particular, the transformation of the K-edge of iron
absorption during the transition from the semiconductor
phase to the metallic one.

2. Calculation method

As part of the density functional theory (DFT), calcula-
tions of the electronic structure of the semiconductor and
metallic phases of iron disilicide were carried out in the
quantum mechanical software package Wien2k [21], which
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is based on both the full-potential method of linearized aug-
mented plane waves (FP-LAPW) and the full-potential aug-
mented plane wave plus local orbitals (FP-APW-+lo) [22].
The FP-APW+lo method allows obtaining more accurate
electric field gradients (EFG), eliminating the appearance of
so-called phantom bands and providing better convergence
of the Self-Consistent cycle (SCF) for atoms that have
semicore states, unlike FP-LAPW/[23].

The FP-APW+lo method allows obtaining more accurate
electric field gradients (EFG), eliminating the appearance of
so-called phantom bands and providing better convergence
of the Self-Consistent cycle (SCF) for atoms that have
semicore states, unlike FP-LAPW [23].

The calculation of the metal FeSi, was carried out by
the bulk method FP-APW+lo with an exchange-correlation
functional in the approximation of the generalized gradient
approximation (PBE-GGA) [24], which, as we previously
showed [25], allows you to get a reliable result when
calculating the electronic structure of bulk crystals and
nanofilms. The calculation of the semiconductor FeSi, was
carried out by the same method FP-APW+lo, but with a
functional in the approximation of the modified Becky-
Johnson exchange-correlation potential (mBJ-LDA) [26],
which allows us to obtain a more accurate value of the
width the band gap of semiconductors and dielectrics [27).

To calculate the densities of electronic states and band
structures in the ground state, ordinary unit cells and
10000k-vectors in the first Brillouin zone were used. To
calculate the electronic structure in the excited state, which
is necessary for the correct description of the XANES
spectra, a supercell and 200k-vectors in the first Brillouin
zone were used. The parameter riKmax, Which determines
the number of basis functions, was taken to be 6, where
I me — the smallest of the radii of muffin-tin spheres, Kp.x —
the boundary of the breakage of the augmented waves.
The Self-Consistent cycle is performed until the change in
total energy between two consecutive iterations becomes
sufficiently small.

3. Calculation details

Iron disilicide exists in two phases: low-temperature
(luobusaite) and high-temperature (linzhiite) [28]. At atmo-
spheric pressure, luobusaite is stable up to 1243 K. When
the temperature rises, luobusaite begins to form linzhiite
by peritectic formation with iron silicide (a-Feg 9,Siy),
which is stable up to the melting point, which is 1489 K.
When the temperature of linzhiite decreases to 1188 K, the
eutectoid transformation into silicon and luobusaite begins
(B-FeSiy) [28].

The linzhiite (@-FeSi; or a@-Fepo9,Siy) — metal, be-
longs to tetragonal symmetry, has a spatial symmetry
group 123_P4/mmm and an unit cell with parameters
a=2.6840A, b =2.6840 A, c = 5.1280 A, which contains
1 formula unit. The coordinates of the atoms in the unit cell

Table 1. Coordinates of atoms a-FeSi, [29]

Atom X/a Y/b Z/c
Si 1/2 1/2 0.2700
Si 172 172 0.7300
Fe 0 0 0

Table 2. Coordinates of atoms S-FeSi, [31]

Atom X/a Y/b Z/c
Sil 0.1282 0.2746 0.0512
Sil 0.8718 0.7254 0.9488
Sil 0.1282 0.7746 04488
Sil 0.8718 0.2254 0.5512
Sil 0.8718 0.2746 0.0512
Sil 0.1282 0.7254 0.9488
Sil 0.8718 0.7746 04488
Sil 0.1282 0.2254 0.5512
Si 0.1273 0.0450 0.2739
Si 0.8727 0.9550 0.7261
Si 0.1273 0.5450 0.2261
Si 0.8727 0.4550 0.7739
Si 0.8727 0.0450 0.2739
Si 0.1273 0.9550 0.7261
Si 0.8727 0.5450 0.2261
Si 0.1273 0.4550 0.7739
Fel 0.2146 0 0
Fel 0.7854 0 0
Fel 0.2146 0.5 0.5
Fel 0.7854 0.5 0.5
Fe2 0 03086 0.3149
Fe2 0 0.6914 0.6851
Fe2 0 0.8086 0.1851
Fe2 0 0.1914 0.8149

are given in Table. 1 [29]. This phase has another name —
a-leboite [30]. Some researchers call this phase £-FeSi, [28].

Luobusaite (8-FeSi;) — is a semiconductor, it belongs
to the orthorhombic syngony, has a spatial symmetry
group 64_Cmca, an unit cell with parameters a = 9.8789 A,
b=7.8038 A, c =7.4808 A, which contains 8 formula
units. The coordinates of the atoms of the unit cell are
given in Table. 2 [31].

An experimental investigation of the energy structure
above the Fermi level can be carried out using the XANES
spectroscopy.  To simulate the XANES spectra, it is
necessary to perform a band calculation for the structure
in the excited state [32]. To transfer the structure to an
excited state, a core hole is created and one electron is
added to the conduction band to preserve electroneutrality.
To exclude the interaction of neighboring excited atoms,
a supercell is created with a volume larger than an unit
cell. The size of the supercell is selected in such a
way that the calculations for two consecutive increases
of the supercell coincide with each other. To calculate
the K-edges of XANES, a core hole was created at the
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Figure 1. An unit tetragonal primitive cell of the Bravais lattice
a-FeSi, and the first Brillouin zone @-FeSi, [34]. The red line
indicates the path of traversing the irreducible part of the Brillouin
zone when calculating the band structure.

Figure 2. Unit rhombic base-centered Bravais lattice cell S-FeSi,
and the first Brillouin zone -FeSi, [34]. The red line indicates the
path of traversing the irreducible part of the Brillouin zone when
calculating the band structure.

1s-level, according to the measurement mechanism of the
K-edges of XANES, where the core electrons, absorbing
a beam of high-energy photons, are knocked out from the
Is-level.

Fig. 1,2 show the structures a-FeSi, and -FeSi, and their
first Brillouin zones, respectively. Visualization of the struc-
tures was carried out using the program XCrySDen [33].

4. Results and discussion

4.1. Band structure

The spectra of the total and local partial densities of
electronic states obtained on the basis of the band calcu-
lation for the ground state a-FeSi, and B-FeSi, are shown in
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Fig. 3, 4 respectively. The width of the valence band a-FeSi,,
the minimum of which falls on the point I', was 14.00eV.
The magnetic moment of «@-FeSi, is missing, which is
consistent with the results of our earlier calculation [35].
The estimated width of the band gap for indirect transitions
B-FeSi, was 0.78 eV, for direct transitions — 0.83 eV, which
corresponds to the hundredths of the values given in the
Table 3 experimental values [36,37] and means that the
semiconductor is indirect-gap [38].

The estimated width of the band gap for indirect transi-
tions B-FeSi, was 0.78 eV, for direct ones — 0.83 eV, which
corresponds to the hundredths of the values given in the
Table. 3 experimental values [36,37] and means that the
semiconductor is non-direct-band [38].

The calculated width of the valence band p-FeSi,
was 1341 eV, and its minimum is in the center (point T')
of the first Brillouin zone. The minimum of the conduction
band is in the direction of Z—I', and the maximum of the
valence band is at the point Y, which coincides with the
results of the work [13,16].

4.2. Density of electronic states (DOS)

Fig. 5,6 shows the spectra of complete and local partial
DOS obtained on the basis of the band calculation for the
ground states a-FeSi, and B-FeSi, respectively.
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Figure 3. Band structure @-FeSi,.
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Figure 4. a — The band structure S-FeSi; in a wide energy range. b — band structure B-FeSi, near the Fermi level.

Table 3. Band gap width S-FeSi,

Indirect Direct Temperature
Source (V) (V) (K)
This study 0.78 0.83 —
[36] 0.84 0.89 10
[36] 0.83 0.90 80
[37] 0.78 0.84 Room
[37] 0.86 0.875 77

The analysis of partial DOS a-FeSi, shows that the main
contribution to the Fermi region is given by d-iron states
localized in the range from —6 to 4 eV relative to the Fermi
level, in while s- and p-silicon states are predominantly
localized in the ranges 5—13 eV and 1.5—7 ¢V is below the
Fermi level. At the very same Fermi level, a minimum
of both d-states of iron and s- and p-states of silicon
was formed, which indicates that this structure can be
stable.

The distribution of partial DOS pS-FeSi, shows that
the contribution of s- and p-states of both iron and
silicon to the total DOS of the Fermi region is small,

while the contribution to the valence band is made by
d-iron states localized in the region 0—5eV below the
Fermi level and the maximum density of these states
is approximately 1.5eV below the Fermi level, and the
contribution of d-states of the conduction band localized
starting from 0.8eV above the Fermi level and has a
maximum of about 1.5eV above the Fermi level. The
distributions of s- and p-silicon states over the valence
band can be characterized as follows: the highest density
of s-states is concentrated in the region of 5—13eV below
the Fermi level, and p-states — in the region 0—7 eV below
the Fermi level.

4.3. Oscillating fine structure of the X-ray
absorption edge

The need for the XANES spectra simulation is due
to their ability to reflect the density distribution of states
contributing to the formation of the conduction band. Ac-
cording to the dipole selection rules, the density of p-states
is reflected in the experimental K-absorption spectrum.
We have calculated the specified spectrum, which was
simulated using the universal PBE-GGA functional, since
it allows us to obtain reliable results for both metals

Physics of the Solid State, 2023, Vol. 65, No. 1
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Figure 5. Total and partial DOS «@-FeSi,.

and semiconductors when calculating the XANES spectra
of [39-41].

Fig. 7 shows a comparison of the experimentally reg-
istered K-XANES absorption edge for the semiconduc-
tor phase (B-FeSi,_exp) [42], simulated for methodolog-
ical purposes spectrum for this phase with very large
(B-FeSip_calc(br)) and small (B8-FeSiy_calc) by broadening
and simulated spectrum for the high-temperature metallic
phase (a-FeSi,_calc). Partial p-states of iron DOS in the ex-
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cited state in the conduction band of these phases, for which
the experimentally measured Fermi level was ~ 7110¢eV,
were compared to all spectra. The absorption edge of the
semiconductor is located at an energy of ~ 7110eV, fol-
lowed by a shoulder with an inflection point of ~ 7114 ¢V,
followed by a local maximum at an energy of ~ 7118 eV.
The double main maximum obtained in the calculation
was not resolved in the experiment, which is due to the
insufficient resolution of the measuring device, which we
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Figure 7. The comparison of the experimental and theoretical
XANES K-spectra (top) FeSi, and densities p-states of (bottom)
FeSiz.

clearly show by giving the calculated spectrum with a very
large broadening. The differences between the metallic
phase and the semiconductor phase turned out to be as
follows: the absorption edge and the shoulder shift to
the Fermi level by ~ 1eV, and there is also a noticeable
redistribution of the intensities of two local maxima at
energies ~ 7146 and ~ 7150eV, which also shift to the
Fermi level by ~ 1eV. The shift of the absorption edge of
the metal phase is quite an expected phenomenon, since
it is a consequence of the absence of a band gap in
metals. The shift of the local maxima behind the main
maximum is due to the difference in the symmetry group
between the two phases, since at such high energies we
are dealing with another scattering mechanism — EXAFS
(extended X-ray absorption fine structure), where the main
contribution to absorption is given by a single scattering of
a photoelectron [43,44].

5. Conclusion

This paper presents the results of theoretical simulation
of the electronic structure of the semiconductor and metal
phases of FeSi, in a wide energy domain, including the
valence band and the conduction band. At the same time,
there is a good agreement between the calculated spectra
and the spectra obtained experimentally. The shape of
the XANES K-edge of the iron for both phases can be
considered reliably established. The results obtained in this
paper will be used for further studies of the multilayered
nanostructure consisting of layers of magnetic transition
metals CogsFeyqsZrig, separated by non-magnetic layers
consisting of SiO;, and a-Si.
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