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In this paper, the structural and magnetic properties of Feyy.,Siy alloys
(10<x<25,0 at.%) were calculated. The structural phase transition
temperatures for the crystal structures A2, B2, and D03 were estimated from the
geometry optimization. The Curie temperatures were calculated in a molecular-
field approximation using the constants of magnetic exchange interaction
calculated ab initio. For all the considered concentrations, with the temperature
increase, we observed the structural transitions from the ordered cubic phase to a
disordered structure, with the intermediate stage of a partially disordered state.
The ferromagnet—paramagnet transition was observed for all the compositions,
though in various crystal phases.
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1. Introduction

Fe-Si alloys are drawing the interest of both experimentalists and theoreticians due to their possible
applications in spintronic, optoelectronic, and thermionic devices [1-4]. For example, Fe;Si is a promis-
ing material for a ferromagnetic electrode in spintronic devices, which use magnetic tunnel junctions [1].
Also, FesSi is a ferromagnet with a Curie point of around 800 K, and, as a thin film, it has a spin polari-
zation of 45 % [2]. FesSis is a metallic ferromagnet at room temperature, so it is also a promising mate-
rial for spintronics [3]. B-FeSi,, a narrow gap (~0,85 eV) semiconductor, was used to create a light-
emitting diode [4].

With the increasing concentration of Si in Fe-Si alloys, its spontaneous magnetization gradually de-
creases [5]. For small Si concentration, this decrease is proportional to Si concentration. However, the
Mossbauer spectroscopy [6] found the strong dependency of Fe magnetic moments on the nearest-
neighbors’ atomic environment for larger Si concentrations. Moreover, Si substitution results in a con-
siderable decrease of the magnetic anisotropy, which makes Fe-Si alloys magnetically soft materials
with potential application in the electric energy industry [5, 7].

In this work, we investigated the structural and magnetic phase transitions of FeigSix alloys
(10 < x < 25,0 at.%) using ab initio calculations.

2. Simulation details

For investigating the structural and magnetic properties of Feigo xSix alloys (10 < x < 25,0 at. %), we
used SPR-KKR (a spin-polarized relativistic Korringa—Kohn—Rostoker) code [8], which is based on the
Korringa-Kohn-Rostoker Greens function method. Geometry optimization was performed for experi-

mentally observed Fe-Si structures: the ordered phase DO; (symmetry group Fm3m no. 225, BiFs-type
structure), the partially disordered phase B2 (symmetry group Pm3m no. 221, CsCl-type structure), and

the disordered phase A2 (symmetry group Im3m no. 229, a-Fe-type structure). The equilibrium lattice
parameters a, were obtained from the dependency of total energy E, on the cell volume with a fitting to
the Birch—Murnaghan equation of states. For the exchange-correlation potential, we used the general
gradient approximation in the form of Perdew—Burke—Ernzerhof functional [9]. The obtained equilibri-
um lattice parameters were used to calculate the exchange interaction parameters J; via SPR-KKR code.
The disorder (both structural and chemical) in phases D0, B2, and A2 was created by the coherent po-
tential approximation [8]. Magnetic exchange interaction parameters were calculated by using the spin-
polarized scalar-relativistic Dirac Hamiltonian in the local density approximation (MVosko—Wilk—Nusair
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functional [10]). The obtained magnetic exchange interaction parameters were used to estimate the Curie
point T¢ in the mean field approximation [11].

3. Results and Discussion

The geometry optimization showed that the most energetically favorable structure is DOs for all
considered concentrations Fe;o-,Siy. Table 1 presents the results of a, calculations for different Si con-
centrations, obtained via SPR-KKR code. The calculated lattice parameters were obtained for A2, B2,
and DO; phases. The values calculated via VASP package, a,™, [12] and experimentally observed ones,
a™®, [13-15] are also present. SPR-KKR results are slightly larger than the VASP-calculated and exper-
imental lattice parameters. Also, Table 1 shows that for B2 and DO; phases, the lattice parameter de-
creases with the increase of Si concentration since Si atomic radius (1,18 A) is smaller than Fe one
(1,26 A). A2 phase has similar a, values for all the considered Si concentrations due to the disordered
structure. The discrepancy between a,™" and a, can be explained by the different temperature regimes:
the experiments were conducted at room temperature, while the calculations obtained the ground states
(T=0K).

Table 1
The equilibrium lattice parameters a, (A) for A2, B2, and D0; phases.
a," is taken from [12], a,™® — from [13—15]

X Phase o ag" ™
A2 2,870 - 2,86031"

10 B2 2,865 — —
DO, 5,727 —

A2 2,870 2,840" -
15 B2 2,855 2,826" | 2,84844°

D0, 5,708 5,65 —

A2 2,871 - 2,85591"
20 B2 2,842 — 2,83748?

DO, 5,680 -

A2 2,874 2,833° -
22 B2 2,836 2,807° | 2,83319?

D0, 5,671 5,63°

A2 2,871 - -
23 B2 2,832 - -

DO, 5,665 - -

A2 2,872 — —
24 B2 2,829 — —

DO, 5,659

A2 2,872 2,814° 2,8551*
25 B2 2,826 2,797° | 2,82725°
DO, 5,650 5,61° 5,66°

'[14], “[15], *[13], *x = 15,625 at. %; °x = 21,875 at. %; °x = 25 at. %

Fig. 1 shows the dependence of the difference between the structure total energy and the total ener-
gy corresponding to the most energetically favorable phase (D0s) on Si concentration, calculated with
the SPR-KKR code. For all considered concentrations, the transition from the ordered D03 phase to the
disordered A2 phase through the partially disordered B2 phase was observed. This result is consistent
with the calculations with the projector-augmented wave method and periodic boundary conditions im-
plemented in VASP. The discrepancies between a, and a," could be explained by the difference in struc-
ture formation: in this work, we used the coherent potential approach, which gives some averaged struc-
ture, while in [12] only one configuration was considered.
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Fig. 1. Dependence of the structure total energy (in relation to the most energetically favorable phase DO0s)
for A2 and B2 phases on Si concentration. Empty symbols present the results from [12]

By using the energy difference, we roughly estimated the temperature of a structural phase transi-
tion, T", from the expression, AE = kBT”, where kg is the Boltzmann constant, AE = Ey — Ein. We used

the proportion of 1 meV = 11,60 K.

Fig. 2 presents the dependence of the total magnetic moment (per atom) on Si concentration in
Fe 00-xSiy alloys. For all structures, the total magnetic moment per atom decreases with Si concentration
increase, which could be explained by the smaller magnetic moment of Si in comparison with Fe. Fig. 2
also shows the experimental results from [13, 16], which are in quantitative agreement with the calculat-
ed values. The closest to the experiment are phases B2 and DOs. Further, the obtained equilibrium lattice
parameters were used to estimate the exchange interaction parameters J;;, which allowed us to calculate
the Curie point T¢ in the molecular field approximation.

Fig. 3 shows the dependence of the Curie point T¢ for phases A2, B2, and D0; of Fe;,-Siy alloys
on Si concentration. With the rise of Si concentration, T decreases for each considered phase. Similar
results were obtained in the experiments [13, 17]. The qualitative agreement between the calculated and
experimental T¢ could also be noted.
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Fig. 2. Dependence of the total magnetic moment (per atom) on Si concentration in Fe4go-«Six alloys.
Empty symbols present the experimental results from [13, 16]
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Fig. 3. Dependence of the Curie point T¢ of Fe-xSix alloys on Si concentration. Empty symbols present the experimental
results from [13, 17]

Fig. 4 presents temperatures of Fe,y,Si, magnetic and structural phase transitions depending on Si
concentration. Dashed lines correspond to the Curie points T of the considered phases. A bold line with
pentagons presents the temperature of a transition “paramagnet-ferromagnet” in the energetically favor-
able structural phase. With the temperature rise, the transition from D05 (FM) phase to B2 (FM) and then
to A2 (FM) happens at Si concentrations lower than 18 at. %. The same transitions were observed exper-
imentally for FegoSiy, alloy [18].
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Fig. 4. T-x phase diagram of structural and magnetic transitions in Fe4-«Six alloys

4. Conclusions
Using ab initio calculations, we investigated the structural and magnetic phase transitions in
Fei0-xSix (10 < x < 25 at. %) alloys. The structural phases A2, B2, and DO; were modeled. We found

that all these phases are stable, and DOs is the most energetically favorable one for the considered Si
concentrations.
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Both the equilibrium lattice parameter and the total magnetic moment (per atom) decrease with the
Si concentration increase because of the smaller atomic radius and magnetic moment of Si in compari-
son with Fe. The obtained results for lattice parameters and magnetic moments agree with the available
experimental and theoretical data.

We estimated the temperature of structural phase transitions and showed that these temperatures de-
crease with the rise of Si concentration, which qualitatively agrees with the experimental data. After cal-
culating the temperatures of the structural and magnetic transitions, we plotted the phase diagram for
Fei00-xSix (10 < x <25 at. %), which agrees with the available experimental results for Fe-Si alloys.

This work was performed with the support of the Ministry of Science and Higher Education of the
Russian Federation within the framework of the Russian State Assignment under contract No. 075-
00250-20-03 (sections 2 and 3). A. Koshkin gratefully acknowledges the Advanced science research
foundation of the Chelyabinsk State University.
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NMEPBOMPUHLUMIMHBLIE UCCNEAOBAHUA ®A30BbIX NPEBPALLEHUA
B CIJIABAX Fe-Si

A.B. KowkuH', M.A. 3aapeGUH1’2, B.B. Cokonoeckuti', B.[]. ByuyenbHukos",

'Yena6uHckuli eocydapcmeeHHbill yHugepcumem, e. YensbuHck, Pocculickasi @edepauusi
2fO)KHo-ypa/mc;(ua e2ocydapcmeeHHbill yHugepcumem, e. YensibuHck, Poccutlickas ®edepayusi
E-mail: miczag@mail.ru

B pabore mpencraBieHbl pe3yiabTaThl PACYETOB CTPYKTYPHBIX W MarHUTHBIX CBOWCTB CIUIABOB
Fe100xSix (10 < x < 25,0 at. %). 13 reoMeTpruueckoil ONTHMHU3ALMHN VISl KPHCTAUIMIECKUX CTPYKTYp A2,
B2 u DO; oueHeHsl TeMnepaTypsl CTPYKTYPHBIX (a30BbIX mepexonoB. Temmepatypsl Kropu orneHuBa-
JUCHh B NPUOIMKEHUH MOJICKYJISIPHOTO TOJIsI C MCIOJIb30BaHUEM MMapaMeTPOB MAarHUTHOTO OOMEHHOTO
B3aUMOJICHCTBHS, paccyuTanHbiXx ab initio. Bo Bcem paccmarpuBaeMOM HHTEpBajie KOHIECHTPAIMH C
POCTOM TEeMIEpaTypbl MPOUCXOIAT CTPYKTYPHBIC MEPEXObl U3 YIOPSJAOUCHHONW KyOudeckod (a3l B
YJaCTUYHO YHOPSIOYEHHYIO, a [I0CIIE U B IMOJHOCTBIO pasynopsaoueHHyto. [lepexon peppomarueTuk—ma-
paMarHeTUK HaOIIOJAeTCs ISl BCEX COCTAaBOB, OTHAKO B PAa3HBIX KPUCTATMYECKUX (a3ax.

Kniouesvie cnosa: Fe-Si; ¢azosas ouazpamma, nepsonpunyunnvie SblUCICHUsL, RPUOIUNCEHUE MO-
JIeKYIAPHOO NOJIAL.
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