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For the first time, this study conducts a computational analysis by employing density functional theory (DFT) to investigate the 
effects of silicon doping as substitutional defects on the structural, electronic, and magnetic characteristics of the L10-FeNi alloy. The 
aim of this study was to explore the potential applications of Si-doped FeNi compounds as alternatives to rare-earth permanent 
magnets. For this, we have performed full potential calculations of L10-FeNi with substitutional Si-doping within a generalized 
gradient approximation. Two types of substitutional Si-doping (OFe/OFe) in the Ni/Fe site of the parent alloy have been investigated. 
The computed formation energy (Ef) indicates that the incorporation of silicon defects increases the structural stability of tetragonally 
distorted L10-FeNi. Moreover, our findings demonstrate that the FeNi:Si(ONi) in the L10-structure has a stable saturation 
magnetization (Ms), whereas the FeNi:Si (OFe) has a small reduction in Ms. Therefore, Si-substituted FeNi alloys can be tuned to 
become a good candidate for permanent magnets. 
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INTRODUCTION 
Permanent magnets have a significant role in many modern technologies, including electric motors, generators, 

sensors, and data storage devices [1,2]. These materials retain their magnetic characteristics even in the absence of an 
external magnetic field, making them ideal for a variety of applications. Permanent magnet performance is essentially 
governed by its magnetic characteristics, including coercivity, remanence, and maximal energy product [3, 4]. 

Rare-earth magnets, such as neodymium-iron-boron (NdFeB) and samarium-cobalt (SmCo), are the most powerful 
permanent magnets on the market today [5]. NdFeB magnets are well-known for their high magnetic strength and are 
commonly employed in applications that demand strong magnetic fields in small places, such as hard disk drives, 
electric vehicle motors, and wind turbines [6]. SmCo magnets, while somewhat less strong than NdFeB magnets, have 
higher temperature stability and corrosion resistance, making them ideal for high-temperature and harsh environmental 
applications [7]. However, research on permanent magnet materials is ongoing, with the goal of enhancing 
performance, lowering prices, and finding alternatives to rare-earth elements due to their scarcity and geopolitical 
difficulties. New alloy compositions, developments in production processes, and the research of hybrid materials that 
combine the greatest qualities of many types of magnets are all examples of innovation. 

The ordered tetragonal FeNi alloy, commonly referred to as L10-FeNi or tetrataenite, is receiving widespread 
attention in the materials research community because of its promising magnetic characteristics, which are crucial for 
advanced technological applications [8, 9]. L1଴-FeNi has an arranged tetragonal structure, which contributes to its 
unusual magnetic characteristics [10]. Tetrataenite is found naturally in meteorites and formed by a highly slow cooling 
process of around 0.1 K per million years at 600 K [11, 12]. This gradual cooling allows the Fe and Ni atoms to 
organize themselves in a structured manner, resulting in the L10 phase, which consists of alternating layers of Fe and Ni. 
Maât et al. (2020) found that the ordered tetragonal FeNi alloy has strong saturation magnetization (𝑀௦ = 1.5 T), a high 
Curie temperature (𝑇஼ ≈ 830 K), and considerable magnetocrystalline anisotropy (MCA ≈ 1 MJ/𝑚ଷ) [13]. These 
features make 𝐿ଵ଴-FeNi an appealing material for high-performance permanent magnets. However, while its MCA 
value is considerable, it is less than that required for optimal performance in permanent magnet applications [14]. 
Whereas, researchers have discovered several techniques, such as chemical vapor deposition, mechanical alloying and 
annealing, and electro-deposition, to synthesize L1଴-FeNi in the laboratory, as duplicating the natural gradual cooling 
process is impossible [15-17]. Defect engineering is now recognized as an important technique to improve the 
characteristics of L1଴-FeNi [18]. The introduction of controlled quantities of impurities or defects can have a major 
impact on the material's magnetic properties. Rani et al. (2019) discovered that substitutional platinum (Pt) doping 
cause tetragonal distortion, which boosts the MCA of L1଴-FeNi [19]. However, Pt doping is not cost-effective in large-
scale applications. Furthermore, different techniques involve interstitial nitrogen (N) doping. Computational studies 
have demonstrated that N-doping can enhance the structural stability and MCA of tetragonally deformed FeNi, although 
with a minor decrease in saturation magnetization [20]. This method makes use of the strong bonding between nitrogen 
and the FeNi lattice to maintain the ordered structure and increase magnetic anisotropy. 
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For the first time, this study investigated the effects of substitutional silicon doping on the structural, electronic, 
and magnetic properties of L10-FeNi alloys in order to improve their performance by using first-principles density 
functional theory (DFT) computational techniques. The substitutional silicon-doping was done at two separate sites: the 
Fe site (OFe) and the Ni site (ONi). However, the silicon atom was chosen for its size and chemical affinity for FeNi 
alloys.  
 

COMPUTATIONAL METHODS 
The L10-FeNi alloy has an AuCu-type tetragonal crystal structure with Fe and Ni layers that alternate along the c-

axis. The L10-FeNi material has experimental lattice parameters a = 2.53 Å and c = 3.58 Å [21] and a crystal structure 
classified as P4/mmm. The supercells of FeNi with dimensions of 2×2×2 and 2×2×3 were considered to allow 
substitutional Si-doping at levels of 12.5% and 8.3%, respectively. To calculate the structural, electronic, and magnetic 
properties of pure FeNi and optimized Si-substituted FeNi, we use the full potential linearized augmented plane wave 
(FPLAPW) method, which is implemented in WIEN2k software [22], within the framework of density functional theory 
(DFT) [23]. To determine exchange-correlation energy, this study applied the spin-polarized Generalized Gradient 
Approximation (GGA) proposed by Perdew, Becke, and Ernzerhof (PBE) [24]. In FPLAPW calculations, the valence 
levels were considered scalar relativistically, but the core states were treated completely relativistically. Furthermore, 
the wave functions of valence electrons identified within the Muffin-Tin sphere have been substantially expanded, 
especially up to lmax = 10. The radius of the Muffin-Tin (RMT) spheres for each atom is selected so that they are 
almost touching, limiting charge leakage. RMTkmax=7 was used to calculate the plane wave cut-off parameters, whereas 
Gmax was set to 12 a.u.-1 for the Fourier expansion of potential in the interstitial area. The convergence criterion was 
set at 10ିସ Ryd total energy. We employed the Monkhorst-pack technique in the Brillouin zone, with a 6x6x4 k-mesh.   
 

RESULTS AND DISCUSSION 
L10-FeNi crystal structure can be characterized by two types of unit cells: (i) face centered tetragonal (fct) and (ii) 

body centered tetragonal (bct); however, the bct, or primitive unit cell, will typically be chosen as the input structure for 
calculations due to its smallest basis and minimal computational cost [25]. Figure 1 depicts a 2×2×2 supercell of FeNi 
(bct) which stimulates 12.5% substitutional doping of Si by substituting one Ni atom with Si. Likewise, 8.3% Si-doping 
may be obtained in a 2×2×3 supercell.  

 

Figure 1. Front view of a 2×2×2 and 2×2×3 supercell of FeNi employed to simulate silicon-substitutional doping at 12.5% and 
8.33% respectively 

In order to get the ground state values of the lattice parameters (a and c) of FeNi and Si-doped FeNi alloys, we 
optimized the volume using L. D Marks' optimization approach [26].   

The equilibrium lattice parameters and bulk modulus value for L10-FeNi and Si-doped L10-FeNi alloy were 
determined by fitting the total energy vs. volume data to the nonlinear Murnaghan equation of state [27], as shown in 
Fig. 2. 

To examine the stability of the structure, the formation energy (Efor) of FeNi and FeNi:Si alloys was estimated 
using the prescribed formulae [19]:  

 𝐸௙௢௥
ி௘ே௜ ൌ 𝐸ி௘ே௜ െ 𝐸ி௘ െ 𝐸ே௜, (1) 

 𝐸௙௢௥
ி௘ே௜ିௌ௜ ൌ ሺ𝐸ி௘ே௜ିௌ௜ െ 𝛼𝐸ி௘ െ 𝛽𝐸ே௜ െ 𝛾𝐸ௌ௜ሻ. (2) 

Where EFeNi, EFeNi-Si, EFe, ENi, and ESi designate the ground state energies of pure FeNi, FeNi-Si supercells, and 
individual Fe, Ni, and Si atoms. However, α, β and γ represent the number of Fe, Ni, and Si atoms in the respective 
supercell. 
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The optimized lattice parameters (a and c), c/a ratio, formation energy, EFor/f.u. (eV), the bulk modulus B (GPa) 
and first order derivative of bulk modulus (B0’) of FeNi:Si alloys have been computed and are presented in Table 1. Our 
computed c/a ratio and formation energy for Lଵ଴-FeNi are consistent with previous findings for tetragonal ordered FeNi 
reported by Rani et al. )2019 (  [19]. As seen in Table 1, the c/a ratio increases with Si substitution, reflecting an increase 
in tetragonal distortion while keeping the area of the a-b plane roughly the same. The increased tetragonal distortion 
improves the structural stability of L10-FeNi, which is in accordance with the experimental findings published by 
Mizuguchi et al. (2011) [28]. As a result, we proved that substitutional silicon doping at either the Fe or Ni sites 
increases the stability of the L1଴-FeNi alloy. However, the negative values of formation energies (EFor) that were 
observed in each case are indicative of structural stability.  

 

Figure 2: The total energy as a function of the volume of the compounds: 
L1଴FeNi, FeNiଵି୶ Si୶ ሺ12.5%ሻ, Feଵି୶Ni Si୶ ሺ12.5%ሻ, FeNiଵି୶ Si୶ (8.33%) and Feଵି୶Ni Si୶ ሺ8.33%ሻ 

Table 1. The optimized lattice parameters (a and c), tetragonal distortion (c/a), formation energy, EFor/f.u. (eV), the bulk modulus B 
(GPa) and first order derivative of bulk modulus (B0’) of L10- FeNi and Si doped FeNi compounds 

Compound a(Å) c(Å) c/a V(Å3) B(GPa) B’0 EFor/f.u 

FeNi (ref. [19]) 2.531 3.579 1.414 22.93   ̶  0.18 

FeNi (this work) 2.5140 3.562 1.417 22.51 197.828 4.763 ̶  0.181 

Fe
1-x

NiSi
x
(12.5%) 2.5196 3.6059 1.4311 22.89 177.0856 6.01 ̶  0.027 

Fe
1-x

NiSi
x
(8.33%) 2.5206 3.5778 1.4195 22.73 184.9932 4.0254 ̶  0.0283 

FeNi
1-x

Si
x
(12.5%) 2.5181 3.6038 1.4311 22.85 195.8518 5.000 ̶  0.034 

FeNi
1-x

Si
x
(8.33%) 2.5173 3.5815 1.4227 22.69 191.3532 5.000 ̶  0.0285 

To investigate their electronic properties, Figure 3 shows the total and orbital projected density of states (DOS) for 
L10-FeNi, FeNi: Si (OFe), and FeNi: Si (ONi). The total DOS of all compounds appears highly spin polarized and 
metallic in nature. The fundamental electronic configurations of elements constituting pristine and Si-doped FeNi are 
Fe: [Ar] 4s23d6, Ni: [Ar] 4s23d8, and Si: 1s22s22p63s23p2, as represented in the projected electronic densities of states of 
all atoms. In pure FeNi, Fe-3d and Ni-3d hybridize thoroughly thereby contributing equally to total DOS. The fully 
filled 3d-orbitals of Fe and Ni in majority spin states are easily recorded, but in minority spin states, they are partly 
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occupied, resulting in high ferromagnetism for all compounds. On Si substitution, we see that hybridization between Fe-
3d and Si-3p does not induce any significant shift in either the majority or minority spin states. The DOS in the vicinity 
of EF are due to the admixture of Fe-3d/Ni-3d and Si-3p states. 

 

Figure 3. Computed total and projected density of states (DOS): 
(a) FeNi, (b) Feଵି୶NiSi୶ (8.3%), (c) FeNiଵି୶Si୶ (8.3%), (d) Feଵି୶NiSi୶ (12.5%) and (e) FeNiଵି୶Si୶ ሺ12.5%ሻ 

The difference between the majority and minority spin states in the occupied area may be used to determine the 
net magnetic moment. Table 2 displays the total atom-resolved spin magnetic moments as well as saturation 
magnetization (𝑀௦) for pure and Si-doped FeNi alloys. According to the results, incorporating silicon affects the 
magnetic moments of the constituent atoms as well as the overall magnetic moment.   
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Table 2. Total and atom-resolved spin magnetic moments (μs), and saturation magnetization (𝑀ୱ) of pure and Si-doped FeNi alloy. 

Compounds Magnetic Moments (μB) 
𝐌𝐬(T) 

 Fe Ni Si total 
FeNi (ref. [29]) 2.701 0.645 / 3.272 1.33 
FeNi (this work) 2.702 0.651 / 3.265 1.31 
Fe1-xNiSix(12.5%) 2.6717 0.6113 -0.0385 2.8190 1.14 
Fe1-x NiSix(8.33%) 2.6528 0.6531 -0.0315 2.9373 1.19 
FeNi1-xSix(12.5%) 2.6090 0.7086 -0.0673 3.0456 1.28 
FeNi1-xSix(8.33%) 2.7126 0.75027 -0.0688 3.1704 1.30 

The minority spin states in Fe (3d6) are less populated than in Ni (3d8), resulting in a greater spin magnetic 
moment for Fe (2.7 μB) than Ni (0.65 μB). The decrease in the total spin magnetic moment of FeNi:Si (ONi/OFe) can be 
attributed to the phenomenon of hybridization between Ni-3d/Fe-3d states, in conjunction with the p-states of a non-
magnetic impurity atom (Si-3p). This hybridization process leads to a reduction in the overall spin magnetic moment 
observed in the system. The decrease is more pronounced in FeNi:Si (OFe) due to antiparallel alignment of Si-3p with 
Fe-3d and Ni-3d states. All alloys have isotropic computed spin magnetic moments.  

The saturation magnetization (Ms) is calculated as total spin magnetic moment per unit volume. As indicated in Table 
2, the saturation magnetization of L10-FeNi is 1.31 T, which is almost equal to the previously computed theoretical value 
of 1.33 T [29, 30]. When Si substitutes into (OFe) in L10-FeNi alloy, the saturation magnetization Ms decreases from 1.31 
T to 1.14 (1.19)T for FeNi:Si 12.5% (8.33%), and when Si is substituted into (ONi), the saturation magnetization 𝑀௦ 
relatively decreases from 1.31 T to 1.28 (1.30)T for FeNi:Si 12.5% (8.33%). This reduce becomes more obvious in 
FeNi:Si(OFe) due to the decrease in Fe moment in the plane containing non-magnetic Si impurity. In addition, Fe is 
antiferromagnetically linked with the Si impurity in this case. Thus, the structural stability and magnetic properties clarify 
that out of two FeNi:Si alloys, FeNi:Si(Oே௜) 8.33%  is more suitable candidate to act as permanent magnetic material.  
 

CONCLUSIONS 
We have studied the effect of doping the L10-FeNi binary alloy by introducing silicon (Si) atoms as a 

substitutional defect in the 𝐿1଴-bct structure. We have studied the structural, electronic and magnetic properties using 
the DFT from the first principle, as described above. Compared to the pristine FeNi alloy, we found that for FeNi:Si, the 
tetragonal distortion was increased, which yields the structural stability of these alloys. However, the saturation 
magnetization (Mୱ) was slightly reduced by the introduction of the Si atom, however, when the Si atom was substituted 
in the Ni site (8.33%), the saturation magnetization change was very small. Therefore, among those alloys, FeNi:Si 
(ONi) can be tuned to become a good candidate for permanent magnets, or the requirement for permanent magnets is 
achieved by this compound. 
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ОБЧИСЛЮВАЛЬНЕ ДОСЛІДЖЕННЯ СТРУКТУРНИХ, ЕЛЕКТРОННИХ ТА МАГНІТНИХ ВЛАСТИВОСТЕЙ 

СПЛАВУ L10-FeNi, ЛЕГОВАНОГО Si ДЛЯ ЧИСТОЇ ЕНЕРГЕТИКИ 
Зінеб Зінеa,b, Нассіма Мефтахb 

aЛабораторія LABTHOP, Факультет точних наук, Університет Ель-Уед, 3900 Ель-Уед, Алжир 
bКафедра фізики, факультет точних наук, Університет Ель-Уед, 39000 Ель-Уед, Алжир 

У цьому дослідженні вперше проведено обчислювальний аналіз із застосуванням теорії функціоналу густини (DFT) для 
дослідження впливу легування кремнієм як дефектів заміщення на структурні, електронні та магнітні характеристики 
сплаву L10-FeNi. Мета цього дослідження полягала в тому, щоб вивчити потенційні можливості застосування легованих 
кремнієм сполук FeNi як альтернативи рідкоземельним постійним магнітам. Для цього ми виконали розрахунки повного 
потенціалу L10-FeNi із замісним легуванням кремнієм у межах узагальненого градієнтного наближення. Досліджено два 
типи замісного легування Si (OFe/OFe) у Ni/Fe місці вихідного сплаву. Обчислена енергія формування (Ef) вказує на те, що 
включення дефектів кремнію підвищує структурну стабільність тетрагонально спотвореного L10-FeNi. Крім того, наші 
результати демонструють, що FeNi:Si(ONi) у структурі L10 має стабільну намагніченість насичення (Ms), тоді як FeNi:Si(OFe) 
має невелике зниження Ms. Таким чином, Si-заміщені FeNi сплави можуть бути налаштованим, щоб стати хорошим 
кандидатом на постійні магніти. 
Ключові слова: впорядкований L10-FeNi; теорія функціонала густини; магніти без рідкоземельних елементів; дефекти 
заміни 




