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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 L1o-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 L1o-FeNi with substitutional Si-doping within a generalized
gradient approximation. Two types of substitutional Si-doping (Or/Ore) in the Ni/Fe site of the parent alloy have been investigated.
The computed formation energy (Es) indicates that the incorporation of silicon defects increases the structural stability of tetragonally
distorted L1o-FeNi. Moreover, our findings demonstrate that the FeNi:Si(On) in the Llo-structure has a stable saturation
magnetization (Ms), whereas the FeNi:Si (Or.) has a small reduction in M;. 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 L1o-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 Lo phase, which consists of alternating layers of Fe and Ni.
Maat et al. (2020) found that the ordered tetragonal FeNi alloy has strong saturation magnetization (Mg = 1.5 T), a high
Curie temperature (T, = 830 K), and considerable magnetocrystalline anisotropy (MCA = 1 MJ/m3) [13]. These
features make Lq,-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 L1y-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 L1o-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 (Ore) and the Ni site (On;). However, the silicon atom was chosen for its size and chemical affinity for FeNi
alloys.

COMPUTATIONAL METHODS

The L1o-FeNi alloy has an AuCu-type tetragonal crystal structure with Fe and Ni layers that alternate along the c-
axis. The L1o-FeNi material has experimental lattice parameters a = 2.53 A and ¢ = 3.58 A [21] and a crystal structure
classified as P4/mmm. The supercells of FeNi with dimensions of 2x2x2 and 2x2x3 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 Imax = 10. The radius of the Muffin-Tin (RMT) spheres for each atom is selected so that they are
almost touching, limiting charge leakage. Rmrkmax=7 Wwas used to calculate the plane wave cut-off parameters, whereas
Gmax was set to 12 a.u.”! for the Fourier expansion of potential in the interstitial area. The convergence criterion was
set at 10™* Ryd total energy. We employed the Monkhorst-pack technique in the Brillouin zone, with a 6x6x4 k-mesh.

RESULTS AND DISCUSSION
L1o-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 bcet, 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 2x2%2 supercell of FeNi
(bet) 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 2x2x3 supercell.
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Figure 1. Front view of a 2x2x2 and 2x2x3 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 L1o-FeNi and Si-doped L1o-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 (Efr) of FeNi and FeNi:Si alloys was estimated
using the prescribed formulae [19]:

Echerl = Ereni — Ere — Enis (D
Ejf:rNi_Si = (Epeni-si — @Epe — BEn; — VEs). )
Where Egeni, Erenisi, Ere, Eni, and Egi designate the ground state energies of pure FeNi, FeNi-Si supercells, and

individual Fe, Ni, and Si atoms. However, a, B and y represent the number of Fe, Ni, and Si atoms in the respective
supercell.
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The optimized lattice parameters (a and ¢), c/a ratio, formation energy, Ego/f.u. (€V), the bulk modulus B (GPa)
and first order derivative of bulk modulus (By”) of FeNi:Si alloys have been computed and are presented in Table 1. Our
computed c/a ratio and formation energy for L;,-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 L1o-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 (Epo) that were
observed in each case are indicative of structural stability.
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Figure 2: The total energy as a function of the volume of the compounds:
L1,FeNi, FeNij_y Siy (12.5%), Fe;_yNi Siy (12.5%), FeNi;_y Siy (8.33%) and Fe; _4Ni Siy (8.33%)

Table 1. The optimized lattice parameters (a and c), tetragonal distortion (c/a), formation energy, Eror/f.u. (eV), the bulk modulus B
(GPa) and first order derivative of bulk modulus (Bo”) of L1o- FeNi and Si doped FeNi compounds

Compound a(d) c(A) c/a V(A3 B(GPa) B’ Eror/f.u
FeNi (ref. [19]) 2.531 3.579 1.414 22.93 -0.18

FeNi (this work) 2.5140 3.562 1.417 2251 197.828 4.763 -0.181
Fe  NiSi (12.5%) 2.5196 3.6059 1.4311 22.89 177.0856 6.01 -0.027
Fe, NiSi (8.33%) 2.5206 3.5778 1.4195 22.73 184.9932 4.0254 -0.0283
FeNi,_Si (12.5%) 2.5181 3.6038 1.4311 22.85 195.8518 5.000 -0.034
FeNi,_Si (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
L1o-FeNi, FeNi: Si (Og), 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] 4s23d®, Ni: [Ar] 4s?3d8, and Si: 1s?2s?2p®3s?3p?, 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 Er are due to the admixture of Fe-3d/Ni-3d and Si-3p states.
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Figure 3. Computed total and projected density of states (DOS):

(a) FeNi, (b) Fe;_,NiSiy (8.3%), (c) FeNi, _,Si, (8.3%), (d) Fe,_4NiSi, (12.5%) and (e) FeNi,_,Si, (12.5%)

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 (M) 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 (us), and saturation magnetization (M) of pure and Si-doped FeNi alloy.

Compounds Magnetic Moments (ps) M_(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
Fe1xNiSix(12.5%) 2.6717 0.6113 -0.0385 2.8190 1.14
Feix NiSix(8.33%) 2.6528 0.6531 -0.0315 2.9373 1.19
FeNi1xSix(12.5%) 2.6090 0.7086 -0.0673 3.0456 1.28
FeNi1xSix(8.33%) 2.7126 0.75027 -0.0688 3.1704 1.30

The minority spin states in Fe (3d®) are less populated than in Ni (3d®), resulting in a greater spin magnetic
moment for Fe (2.7 ug) than Ni (0.65 pug). The decrease in the total spin magnetic moment of FeNi:Si (Oni/Ore) 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 (Or.) 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 (M) is calculated as total spin magnetic moment per unit volume. As indicated in Table
2, the saturation magnetization of L1¢-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 (Or.) in L1¢-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 Mg
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(Ore) 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(Oy;) 8.33% is more suitable candidate to act as permanent magnetic material.

CONCLUSIONS

We have studied the effect of doping the L1o-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 (M) 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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OBYUCJIIOBAJILHE JTOCJII)KEHHS CTPYKTYPHUX, EJEKTPOHHUX TA MATHITHUX BJJACTABOCTEM
CILTABY L1o-FeNi, JETOBAHOTI'O Si 1711 YUCTOI EHEPTETUKH
3ine6 3ine®’, Haccima Megrax®
4Jlabopamopis LABTHOP, ®axynemem mounux Hayx, Ynieepcumem Env-Yeo, 3900 Env-Yeo, Anocup
bKageopa gizuxu, paxyremem mounux nayx, Yuisepcumem Env-Yeo, 39000 Eno-Yeo, Anoicup

VY 1mpOoMy AOCTHIIKEHHI BIlEpIIe MPOBEACHO OOYMCIIOBAJIBHUN aHami3 i3 3acTocyBaHHAM Teopii ¢yHKmioHamy ryctuad (DFT) moms
JOCHIPKEHHS BIUIMBY JIETYBaHHS KpEeMHIEM sK Ae(eKTiB 3aMillleHHsS Ha CTPYKTYpHi, €IeKTPOHHI Ta MarHiTHI XapaKTEepUCTUKU
caBy L1o-FeNi. MeTa 1poro JOCIiDKeHHs HoJsirajia B TOMY, {00 BHBYMTH IOTCHLIHHI MOXIIMBOCTI 3aCTOCYBAaHHS JICTOBaHHX
kpemHieM cnonyk FeNi sk anbTepHaTHBH PiIKO3eMeIbHUM MOCTIHHUM MarHitam. J[isi bOr0 MM BHKOHAJIH PO3PaxyHKH ITOBHOTO
noreHuiany L1o-FeNi i3 3aMiCHUM JieryBaHHSIM KPEMHIEM y MeXaX y3arajJbHEHOrO IpaJi€HTHOro HabmmkeHHs. JlocmimkeHo IBa
Tunu 3amicHoro yeryBanus Si (Ore/Or.) y Ni/Fe micui BuxigHoro cruiaBy. O6unciena eneprisi Gopmysanns (Ef) Bkasye Ha Te, 110
BKJIFOYCHHS Je(eKTiB KPeMHIiI0 MiIBHIIYE CTPYKTYPHY CTabuIbHICTH TeTparoHanbHO crmotBopeHoro L1lo-FeNi. Kpim toro, namri
pe3yibTaTH AeMOHCTPYIOTh, 110 FeNi:Si(On:) y crpykrypi L1o Mae crabinbHy HamarHideHicTs HacuueHHs (M), Toxi sk FeNi:Si(Ore)
Mae HeBenuKe 3HWkKeHHA M. Takum umHoMm, Si-3amimeni FeNi cmmaBn MoxyTh OyTH HaJgalITOBaHMM, W00 CTAaTH XOPOIIMM
KaHIUJIaTOM Ha ITOCTIHHI MarHiTH.

KunrouoBi cioBa: snopaoxosanuii L1o-FeNi; meopis ¢pynxyionana 2ycmunu; maznimu 6e3 pioko3emMenrsHux enemeHmis; oegexmu
3amiHu





