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Electronic, Magnetic, and Elastic Properties of FeNi3 and FeNi2Pt

The ab initio pseudopotential method relies on Density Functional Theory (DFT), utilizing the generalized gradient approxi-
mation (GGA) as outlined by Perdew-Burke-Ernzerhof (PBE). Implemented through the Siesta program, this method examines 
the structural and optical properties of the nickel-iron alloy (Fe-Ni) that crystallizes in the FeNi3 structure. This approach is highly 
regarded for its accuracy in predicting the crystal structure and properties of FeNi3. The computed structural parameters align 
closely with both theoretical and experimental data, confirming the reliability of these predictions. The lattice constants, calculated 
at zero pressure, match previously reported theoretical and experimental results. Furthermore, the computed properties, including 
the Band Structure, Total Density of States (DOS), and Partial Density of States (PDOS), and elastic constants values for the alloy, 
suggesting its suitability for specific applications in targeted fields.
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1. Introduction

The interest that has persisted since the late 20th century 
until now is focused on the study of numerous metallic materials 
and alloys, particularly iron and its alloys such as iron-nickel 
(Fe-Ni) alloys, specifically the FeNi3 compound. These alloys 
have garnered significant attention and extensive study due to 
their extensive utilization in various advanced and sensitive 
applications, owing to their notable properties, which include:

Superconductivity, optical conductivity, high magnetic per-
meability, high saturation magnetization, high Curie temperature, 
near-zero magnetostriction, variable magnetoresistance, low 
coercivity, corrosion resistance, low energy losses, and very 
low coefficient of thermal expansion.

Fe-Ni alloys have been known for a long time and have 
been utilized in various industrial applications that require high 
saturation magnetization and low coercive field. Additionally, 
their structural and chemical properties, which play a crucial 
role in determining their magnetic characteristics, have been 
relied upon, leading to their adoption and utilization in certain 
industrial applications such as electromagnetic wave absorp-

tion, antennas, magnetic sensors, magnetic resonance imaging 
devices, catalysts, magnetic recording heads, sensors, pharma-
ceutical and pharmaceutical product manufacturing, and other 
applications [1-7].

The electrical properties of NiFe thin films rely strongly 
on the composition and processing control [8].Tang et al. [9] 
reported that film resistivity showed an approximately linear 
relationship with surface roughness, The reduction in surface 
roughness should lead to a decrease in the film resistivity. Choe 
and Steinback [10] reported the effect of surface roughness on 
magnetoresistance and magnetic properties of NiFe films. The 
thermal mechanical characteristic development of NiFe thin film 
is an important issue for material applications. Bruckner et al. 
[11] reported the densification by atomic rearrangement in grain-
boundaries (from room temperature to 250°C and abnormal grain 
growth (especially between 300 and 400 °C may be the reason 
for the generation of tensile stress in NiFe films.

According to the aforementioned concerning the importance 
of the FeNi3 compound in the manufacturing of various mod-
ern sensitive applications and its excellent properties, as well 
as previous studies that investigated its different electronic, 
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magnetic, and elastic properties using experimental and theoreti-
cal approaches, the aim of this work was to study these physical 
properties using a different method that has not been employed in 
previous studies, namely Density Functional Theory (DFT) with-
in the SIESTA simulation program. Therefore, this study serves 
as an addition to compare our results with previous findings.

Furthermore, we are also investigating the same physical 
properties of the FeNi2Pt compound to determine the impact of 
substituting a Ni atom with a Pt atom in the structure of FeNi3. 
This is achieved by comparing the obtained results for the two 
studied compounds, FeNi3 and FeNi2Pt. It is worth mentioning 
that previous works on the FeNi3 compound have investigated 
it with the addition of other elements apart from platinum (Pt).

In this study, we highlighted the importance of replacing the 
nickel atom (Ni) with a platinum atom (Pt), and discovering the 
new properties that the compound FeNi2Pt now has, which are com-
pletely different from what was achieved in the FeNi3 compound.

2. Methodology

In this work, the electronic, magnetic, and elastic properties 
of the FeNi3 and FeNi2Pt compounds were studied and calcu-
lated using Density Functional Theory (DFT), implemented 
in the Spanish Initiative for Electronic Simulations (SIESTA) 
program [12]. The obtained results were compared to shed light 
on the impact of platinum as a dopant on the mentioned proper-
ties of the original compound. Our calculations were conducted 
based on the following choices:

The calculations were performed using the Troullier-Mar-
tins non-local pseudopotential method with a norm-conserving 
criterion. The convergence criterion for the total energy was 
set to 10–4 atomic units (a.u.), and the energy shift was chosen 
as 80 meV. The mesh cutoff energy (E_Cut) for the simulation 
was set to 400 eV.

A double-zeta polarized (DZP) basis set with polarized 
orbitals for Fe and Ni atoms was employed in the simulation 
program. The compound was placed in a supercell during the 
simulation, allowing for an extended system size.

The conjugate gradient method was utilized to calculate the 
Hellmann-Feynman forces applied to the atoms. All forces after 
structural relaxation were required to be less than 10–3 eV/Å. 
The maximum tolerance for ion displacement was set to 0.05 Å. 
These parameters ensured accurate and reliable calculations of 
the physical properties of the studied compounds. After specify-
ing these parameters, the FeNi3 crystalline lattice with a face-
centered cubic (FCC) structure was chosen, and one Ni atom 
was replaced with a Pt atom, resulting in the FeNi2Pt compound.

3. Results and discussion

The FeNi3 compound possesses diverse and significant 
physical properties as mentioned in the general introduction. 
Therefore, it is highly intriguing to study these properties using 

various theoretical and experimental methods in order to extract 
and compare the results, aiming to understand their reliance and 
utilization in different mentioned industrial applications.

In fact, previous works [13,14] have shown that the hyster-
esis cycle of this compound undergoes changes in its shape when 
compared to its pristine state. Additionally, FeNi3 particles are 
widely employed as solid catalysts in dye-sensitive solar cells 
(DSSCs), where they are compared to Pt catalysts [15].

3.1. Electronic properties

In this work, we focus on presenting and discussing the band 
structure and the total density of states (DOS) with the deter-
mination of the contributions of each atom’s electronic orbitals 
to the energy range, i.e., the partial density of states (PDOS).

3.1.1. Band structure

In the SIESTA program, we employed the GGA (General-
ized Gradient Approximation) approximation to calculate the 
band structures of the FeNi3 and FeNi2Pt compounds, taking 
into account electronic spin.

Figs. 1 and 2 illustrate the band structures of the FeNi3 and 
FeNi2Pt compounds, respectively.

From Figs. 1 and 2, it is evident that there is an overlap of 
the upper valence band peaks with the lower conduction band val-
leys, indicating the metallic nature of the compounds. The results 
also demonstrate a significant impact of platinum doping on the 
electronic structure of the emerging compound FeNi2Pt. This ef-
fect is manifested in the appearance of new energy levels in the 
structure of FeNi2Pt that were not available for electrons in the 
original compound FeNi3 near the Fermi level. It is apparent that 
platinum doping increases the energy band dispersion in the im-
mediate vicinity of the Fermi level, resulting in a sharp and rapid 
curvature of the available electron energy states due to changes 
in their kinetic momentum, particularly at the high-symmetry 

Fig. 1. Band structure of the FeNi2Pt
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points of the first Brillouin zone. Therefore, we can conclude 
that this doping has a positive effect on the mobility of carrier 
electrons, which can enhance the electrical conductivity of the 
FeNi2Pt compound compared to its undoped counterpart FeNi3.

3.1.2. Total Density of States (DOS)

The simulation results, within the generalized approxima-
tion for exchange and correlation energy, reveal that the magnetic 
symmetry in the crystalline structure of the studied compounds 
leads to distinct group-theoretical symmetries. The effect of 
this symmetry is manifested in the distortion of the electronic 
density of states for the highest and lowest electronic spin states, 
indicating their contrasting magnetic properties.

We analyze the total density of states for the FeNi3 and 
FeNi2Pt compounds to understand the origin of the states form-
ing the valence and conduction bands and to comprehend the 
interactions between the atoms in the studied compounds.

Figs. 3 and 4 illustrate the total density of states for the 
FeNi3 and FeNi2Pt compounds, respectively.

From Figs. 3 and 4, it is observed that the total density of 
states (DOS) for both FeNi3 and FeNi2Pt compounds exhibits 
non-symmetric behavior for the highest and lowest electron spin 
states, indicating their acquired magnetic properties as mentioned 
earlier. Additionally, the density of states for the highest and 
lowest electron spin states in the valence band region, ranging 
from –7 eV to the Fermi level, is higher than their counterparts 
in the conduction band region, ranging from the Fermi level 
to +5 eV. Furthermore, the total DOS calculated for FeNi3 and 
FeNi2Pt compounds is high in the vicinity of the Fermi level.

In the valence band region of the FeNi2Pt compound, the 
energy band width is larger than that of the FeNi3 compound 
in the same region, indicating a higher electron population in 
the valence band. Near the Fermi level, the FeNi2Pt compound 
exhibits a higher peak density of states in the higher and lower 
spin states, with values of 4.2 states/eV and 5.42 states/eV (higher 
spin) and 5.01 states/eV (lower spin) for FeNi3 compound. 

At the Fermi level, the density of states shows small values for 
the higher spin state, with 0.37 states/eV for both compounds, 
while for the lower spin state, it takes the values of –1.8 states/
eV for FeNi2Pt and –2.19 states/eV for FeNi3. These observations 
indicate that both compounds exhibit semi-metallic behavior, 
possessing both metallic and semi-conducting characteristics.

Moreover, both compounds exhibit ferromagnetic prop-
erties, with magnetic moments of 5.20 μB and 5.071 μB for 
FeNi3 and FeNi2Pt, respectively. Therefore, FeNi3 and FeNi2Pt 
can be considered as soft ferromagnetic materials, demonstrat-
ing excellent properties for directing and conducting magnetic 
flux. They could find applications in various fields where there 
is a need for directing and converting magnetic energy, such as 
transformers, magnetic valves, sensors, and electric motors. It is 
worth noting that this type of material has a high magnetic scaling 
ability, allowing for high magnetic strength in small volumes. 
Additionally, their low magnetic saturation makes them highly 
responsive to external magnetic fields.

Fig. 2. Band structure of the FeNi2Pt

Fig. 3. Total Density of States (DOS) for the FeNi3 

Fig. 4. Total Density of States (DOS) for the FeNi2Pt
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3.1.3. Partial Density of States (PDOS)

Partial Density of States (PDOS) enables the investigation 
of the role of electrons in different atomic valence orbitals and 
their impact on electronic properties, particularly polarization. 
In this study, the PDOS was calculated using the GGA approxi-
mation for the compounds FeNi3 and FeNi2Pt, and analyzed to 
understand the electron behavior near the Fermi level.

Fig. 5 illustrates the PDOS for the FeNi3 compound, cal-
culated for the 3d atomic valence electrons of the Fe element 
represented by the black (spin-up) and red (spin-down) lines, and 
the 3d atomic valence electrons of the Ni element represented 
by the green (spin-up) and blue (spin-down) lines. The vertical 
dotted line represents the position of the Fermi level.

Fig. 5. The Partial Density of States (PDOS) shows the contribution of 
the atomic level (3d) for the Fe and Ni atoms in the FeNi3

In Fig. 6, The PDOS illustrates the density for the FeNi3 
compound, calculated for the atomic levels (3d and s4) of both 
Fe and Ni elements, in order to determine which levels, con-
tribute the most.

Fig. 6. The Partial Density of States (PDOS) reveals the contribution 
of the atomic levels (3d and 4s) of the Fe and Ni atoms

Fig. 7, the PDOS demonstrates the density for the FeNi2Pt 
compound, calculated for the atomic level 3d of the Fe element 
represented by the black (spin-up) and red (spin-down) lines, 
the atomic level 3d of the Ni element represented by the green 
(spin-up) and blue (spin-down) lines, and the atomic level 5d of 
the Pt element represented by the light blue (spin-up) and pink 
(spin-down) lines. The vertical dotted line in red indicates the 
position of the Fermi level.

Fig. 7. The Partial Density of States (PDOS) illustrates the contribution 
of the 3d atomic level for both Fe and Ni atoms, as well as the 5d atomic 
level for the Pt atom, in the FeNi2Pt compound

Fig. 8, the PDOS reveals the density for the FeNi2Pt com-
pound, calculated for the atomic levels 3d and 4s of both Fe and 
Ni elements, and the atomic levels 5d and 6s of the Pt element, 
in order to determine which levels contribute the most.

Fig. 8. The Partial Density of States (PDOS) illustrates the contribution 
of the 3d and 4s atomic levels for both Fe and Ni atoms, as well as the 
5d and 6s atomic levels for the Pt atom, in the FeNi2Pt

Based on the different distributions of electron spin states 
(spin up and spin down), the electron spin polarization is deter-
mined. Starting from a single unit cell, this polarization is then 
generalized to all atomic domains to assess the contributions of 
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iron (Fe), nickel (Ni), and platinum (Pt) atoms in the FeNi3 and 
FeNi2Pt compounds. We have calculated the expected density of 
states along the electron energy bands (E-EF). From the partial 
density of states (PDOS) distributions, as depicted in the previ-
ous figures related to PDOS, it can be observed that the elec-
tronic states primarily reside within the active region bounded 
by [+4.5eV, –6.7eV] relative to the Fermi levels for the FeNi3 
compound, and [+4.5eV, –7.5eV] relative to the Fermi levels for 
the FeNi2Pt compound. Furthermore, a slight deviation from the 
Fermi level can be noticed.

As for the FeNi3 compound, extremely small values of 
state density are observed for the spin-up state, with a value 
of 0.06 states/eV for the nickel (Ni) element and 0.03 states/eV 
for the iron (Fe) element. In the spin-down state, the density 
takes a value of 0.54 states/eV for the nickel (Ni) element and 
0.48 states/eV for the iron (Fe) element. The contribution of 
the atomic level (3d) for the iron element is relatively lower 
compared to the atomic level (3d) for the nickel element, with 
slight contributions close to zero for the orbital electrons (S4) 
in both atoms.

Concerning the FeNi2Pt compound, a near absence of state 
density is observed in the spin-up state for all elements. In the 
spin-down state, the density takes a value of 0.5 states/eV for 
the iron (Fe) element, 0.6 states/eV for the nickel (Ni) element, 
and 0.2 states/eV for the platinum (Pt) element.

These results confirm that both studied compounds exhibit 
a semi-metallic characteristic.

3.2. Elasticity properties

The mechanical properties of crystals are determined when 
they are subjected to external forces such as tension, compres-
sion, shear, or bending, which lead to changes in their shape and, 
in some cases, to fracture or collapse.

One of the essential properties of the ground state of solid 
materials is elasticity properties, as they provide information 
about heat capacity, external pressure, Debye temperature, and 
help determine the nature of bonds between adjacent atomic 
levels, as well as the hardness and flexibility of materials.

3.2.1. Elastic constants

Elastic constants, denoted as Cij (Modulus of Elasticity), 
represent the ability of a material to regain its original shape after 
the removal of the applied force causing deformation. There are 
different types of these constants, which depend on the type of 
deformation the material undergoes, such as elongation, bend-
ing, and others. They are represented by the ratio of the applied 
stress σ to the resulting strain ε and can be expressed using one 
of the following formulas [16]:
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Where Cij represents the extension of the hardness constants 
(Tensor of hardness constants) and Sij represents the extension 
of the elastic constants (Tensor of elastic constants), also known 
as the compliance tensor, which is the inverse of the hardness 
tensor. The significance of these tensors lies in the fact that they 
precisely describe the elastic properties of solid materials and 
govern the forces underlying deformations. For the cubic system, 
the hardness coefficients are determined through nine independ-
ent elastic constants [16,17]. In the cubic system, it is sufficient 
to calculate the following elastic constants: C11, C12, C44.

TABLE 1 presents the calculated values of the coefficients 
C11, C12, C44 for the compounds FeNi3 and FeNi2Pt, along with 
a comparison to previous theoretical and experimental results.

Table 1

Calculated values of the coefficients C11, C12, C44 for the compounds 
FeNi3 and FeNi2Pt

C44 
(GPa)

C12 
(GPa)

C11 
(GPa) Results The 

compound 
127.909 156.027 259.358 The result of our work

FeNi3

124.078 153.705 273.534 Theoretical result [16]
122.8 155.7 233.7 Theoretical result [17]
119.2 144.4 230.4 Experimental result [18]
114.7 136.9 237.2 Theoretical result [19]
145.9 160.4 260.2 Theoretical result [20]
146.7 168.9 243.2 Theoretical result [20]
108.4 150.8 287.1 Theoretical result [21]

127.908 156.029 259.361 Theresult of our work FeNi2Pt

We observe in the table above the recorded results are 
very close and similar to previous theoretical and experimental 
results. Additionally, the cubic elastic constants C11 = C22 = C33 
are high, indicating high resistance to axial compression in these 
directions. The shear elastic constants C44 = C55 = C66 are lower 
than the other constant values, indicating lower shear in these 
directions. It is also noteworthy that all the elastic constants are 
positive and satisfy the stability condition for the compounds 
FeNi3 and FeNi2Pt, as governed by the following stability cri-
terion specific to the cubic system [22-26]:
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3.2.2. Elastic moduli

Using the calculated values of the elastic constants C11, C12, 
C44 for the compounds FeNi3 and FeNi2Pt, various elastic moduli 
were determined to assess the hardness and brittleness of the 
compounds. The following elastic moduli were calculated: bulk 
modulus B, shear modulus G, Young’s modulus E, Lamé’s mod-
uli λ and μ. To measure hardness, the B /G ratio was calculated. 
Additionally, the Poisson’s ratio ν was determined to character-
ize the bond type between the atoms in the studied compounds.
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The bulk modulus B is calculated using the Hill approxima-
tion [27,29] as follows:

 
11 12( 2 )

3H
C CB 

 	 (3)

The shear modulus G is calculated using the Hill approxi-
mation [23,24] as follows:

  
11 12 44 11 12 44
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The Young’s modulus E is calculated using the Hill ap-
proximation [23,24] as follows:

 EH = 2G (1 + v)	 (5)

The Lamé’s moduli μ and λ are calculated as follows:

  
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To determine the type of bonding between adjacent atomic 
planes, we calculate the Poisson’s ratio ν using the Hill approxi-
mation [27,28]:
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If the Poisson’s ratio ν is less than the value of 0.1 (ν < 0.1), 
the bonding between atoms is considered to be covalent. How-
ever, for most known solid materials such as metals, polymers, 
and ceramics, the bonding is predominantly ionic, and the value 
of the Poisson’s ratio [29,30] is as follows:

 0.25 < v < 0.35	 (9)

The B /G ratio, calculated from the compressional mod-
ulus B and shear modulus G, is theoretically correlated with 
the Poisson's ratio, which takes values of ν > 0.26 when the 
B /G ratio exceeds 1.75. This relationship is also supported by 
the empirical criterion proposed by Pugh [27,28] for material 
hardness or brittleness. According to this criterion, materials 
are classified as ductile when the B /G ratio exceeds 1.75, while 

materials with a B /G ratio below 1.75 are considered brittle and 
prone to rapid fracture.

TABLE 2 illustrates the results of calculating the elastic 
moduli for the compounds FeNi3 and FeNi2Pt, along with 
a comparison to previous theoretical and experimental findings 
specifically for the FeNi3 compound.

Based on the results of the density analysis near the Fermi 
level, it can be inferred that there is strong hybridization between 
the 3d atomic orbitals of nickel (Ni) and iron (Fe) atoms. Nickel 
(Ni) exhibits superior conductivity due to its higher values of 
the density of states compared to iron (Fe) in both FeNi3 and 
FeNi2Pt compounds. In the case of the FeNi2Pt compound, 
there is a significant contribution from the 5d atomic orbitals of 
platinum (Pt), which increases the electronic density of states in 
the valence region, making it a more magnetic compound. The 
substantial contribution of the (d) atomic orbitals to the high 
electronic density occurs near the Fermi level, indicating the 
chemical and thermal activity of these compounds, consistent 
with previous findings.

By calculating the elastic properties, including the elastic 
constants and moduli, it is evident that the results for the FeNi3 
compound closely align with previous theoretical and experimen-
tal studies. The FeNi3 and FeNi2Pt compounds exhibit similar 
values, suggesting that the doping does not significantly affect 
the elastic properties of the original compound. Additionally, 
both compounds, FeNi3 and FeNi2Pt, demonstrate high values 
for the compressional modulus (B), shear modulus (G), Young’s 
modulus (E), as well as high values for the Lamé parameters 
(μ and λ). Furthermore, the calculated B/G ratio of 2.142 (>1.75) 
indicates that these compounds possess high hardness. The Pois-
son’s ratio (ν ≈ 0.3) indicates that the bonding between atoms is 
ionic rather than covalent.

4. Conclusion

Based on the mentioned approach in the calculation method, 
and relying on ab-initio principles, the electronic, elastic, and 
magnetic properties of FeNi3 and FeNi2Pt compounds were 
investigated. By comparing the results obtained through the 
generalized gradient approximation (GGA), the following con-
clusions can be drawn:

Table 2

Results of elastic modulus calculations for the compounds FeNi3 and FeNi2Pt

μ λ B /G v E (GPa) B (GPa) GH (GPa) Results
88.922 131.190 2.142 0.298 230.842 190.471 88.921 The result of our work

FeNi3

93.753 131.614 2.065 0.292 242.257 193.648 93.789 Theory [16]
77.663 129.88 2.340 0.313 203.926 181.7 77.660 Theory [17]
79.237 120.252 2.184 0.3014 206.238 173.066 79.237 Experimental [18]
82.294 115.528 2.070 0.292 212.647 170.333 82.298 Theory [19]
94.994 130.110 2.039 0.289 244.894 193.666 94.975 Theory [20] Ferromagnetic
85.118 136.544 2.276 0.308 222.669 193.666 85.094 Theory [20] Paramagnetic
90.00 136.130 2.181 0.301 234.179 196.233 89.993 Theory [21]

88.922 131.192 2.142 0.298 230.842 190.474 88.921 The result of our work FeNi2Pt
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–	 The calculation of electronic properties reveals that plati-
num doping leads to an increase in electrical conductiv-
ity and improvement in the resulting compound FeNi2Pt 
compared to FeNi3. This aspect facilitates the design of 
electronic devices with specific functions, such as transis-
tors, diodes, and high-density storage disk readers.

–	I t is also inferred that the studied compounds belong to 
the category of semi-metallic materials, possessing both 
metallic and semi-conducting characteristics.
Furthermore, it can be concluded that the magnetic sym-

metry in the crystal structure of the studied compounds results 
in a distortion of the electronic density of states of the higher 
and lower spin-up and spin-down electron states, indicating their 
contrasting magnetic properties. FeNi2Pt is considered superior 
in terms of its ferromagnetic property. FeNi3 and FeNi2Pt can 
be regarded as good soft ferromagnetic materials, exhibiting 
excellent properties in directing and conducting magnetic flux. 
They are potential candidates for various applications that re-
quire the manipulation and conversion of magnetic energy, such 
as transformers, magnetic valves, sensors, and electric motors. 
It is worth mentioning that these materials have high magnetic 
scalability, allowing for high levels of magnetic strength in small 
volumes of the material. Moreover, their low magnetic saturation 
makes them efficient in responding to external magnetic fields.

Nickel-Iron (Fe-Ni) Compounds are some potential future 
applications :

Electronics and Semiconductors (Developing magnetic 
transistors to enhance performance in microelectronics), Energy 
Technologies and Magnetic Conversion (Producing high-effi-
ciency transformers, thanks to their ability to reduce magnetic 
energy loss during conversion processes), Magnetic Sensors and 
Detection Devices (Developing speed and acceleration measure-
ment devices, which rely on detecting magnetic changes in mov-
ing machinery and equipment), Medical and Biological Applica-
tions (Using Fe-Ni compounds in magnetic resonance imaging 
(MRI) to improve image quality and reduce magnetic noise).
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