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Abstract: In order to analyze the effect of Pd substitution on the overall electronic and magnetic properties of L10-FeNi,

ab-initio calculations have been performed using density functional theory (DFT) approach within generalized gradient

approximation. The magnetocrystalline anisotropy for pristine FeNi is low (\ 0.5 MJ/m3). A slight increase in its MCA is

observed with single/dual substitution of Pd (from 0.430 to 0.562/0.616 MJ/m3) as a consequence of complex spin–orbit

coupling of 4d transition element, Pd. In the nutshell, the presence of 4d-element (Pd) at Fe or/and Ni sites (except

FeNi:PdNi case in which Pd substitutes only Ni) improves all the magnetic parameters including maximum energy product

of L10-FeNi by appreciable amounts. In all these cases, the minimum requirement for permanent magnets, which is

Hc[Ms/2 and j[�, is found to be achieved. Consequently, the Pd-substituted FeNi alloys become the potential

materials for rare-earth free permanent magnets.
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1. Introduction

In Ferromagnetic (FM) materials, the variations in prop-

erties of a magnetic system in accordance to the direction

of the magnetization is known as the magnetic anisotropy.

It is a key property for both fundamental and practical

reasons for magnetic materials [1–3] and mainly consists of

extrinsic and intrinsic parts. The extrinsic part is attributed

by shape dependent anisotropy, related to the anisotropy in

the shape of the FM materials which emerges from the

famous magnetic dipole–dipole interactions [4]. On the

other hand, the intrinsic part refers to magnetocrystalline

anisotropy (MCA) that originates due to the collective

efforts of both spin–orbit coupling (SOC) and crystal

structure. The resulting orbital motion of the electrons is

reserved to a particular orientation by the crystal field, and

the SOC combines the same with spin degree of freedom.

This means that crystal energy relies on the orientation of

magnetization with respect to the crystallographic structure

of materials. The origin of MCA has been a long out-

standing scientific issue, and various developments have

been made to advance the understanding of this phe-

nomenon. For example, the MCA is initially due to the fact

of orbital localization which is the outcome of decreased

dimensionality [5, 6]. Also, the MCA is strongly influenced

by SOC of the states in the environs of Fermi level (EF). As

a consequence, tailoring of the electronic band structure

near the EF determines the several crucial properties of FM

materials, being responsible for tunning of MCA. This can

be tuned easily by doping, adding impurities, [7–9] engi-

neering the materials interfaces [10]. The control of this

sensitive quantity can be crucial in many applications like*Corresponding author, E-mail: manishdft@gmail.com;
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permanent magnets (PMs) [11], magneto-optics [12] and

magneto-resistive random access memory devices [13].

Currently, the rare-earth (Sm, Tb, Nd and Dy) and heavy

transition-metal (Pd and Pt) based materials have large

value of MCA. However, due to their limited resources and

supplies along with economic and geopolitical issues, there

is a need to find some alternative ferromagnetic materials

with significant value of MCA [14–17].

The L10-FeNi alloy, also known as tetrataenite, is an

important member for development of high performance

magnets based on transition-metals [18–21] and has high

MCA due to its exciting magnetic properties, large theo-

retically possible maximum energy product ((BH)max =

446 kJ/m3), high saturation magnetization (Ms = 1.5 T),

quite high Curie temperature (TC = 830 K), high uniaxial

(MCA = 1 MJ/m3) and narrow magnetization damping

constant. The formation of L10-FeNi phase exists in

meteorites, where it is formed over years under exotic

pressure/temperature conditions. The feeble atomic

mobility makes it extremely challenging to fabricate this

phase under the chemically order/disorder transition tem-

perature (593 K) [22], Therefore, in order to fabricate

artificially the same phase, distinct strives were suggested;

(i) deposition of Ni and Fe monoatomic layers alternately

[23, 24], (ii) high energy neutron irradiation [19], (iii)

inducing epitaxial strain via suitable templates [25–27] and

(iv) addition/substitution of a third element [8, 9, 28]. From

previous studies, it is observed that in L10-FeNi, the main

contribution to MCA comes from Fe atoms only. Further,

MCA enhances by increasing ratio (c and a corresponding

to the cubic out-plane and in-plane lattice parameters) of

unit cell of L10-FeNi.

Theoretically, Miuara et al. [29] depicted the origin of

MCA and explored the variations in MCA of L10-FeNi by

varying lattice parameters(a) and reported that the MCA

escalades by diminishing ‘a’, thus, attains a maximum at

1.6 MJ/m3 corresponding to a = 2.250 Å (c/a = 1.75)

using first-principles density functional calculations.

However, experimentally, Mizuguchi et al. [19] reported

the increase in MCA of L10-FeNi with escalating axial

ratio c/a. Previously, our group examined the MCA of

pristine and Pt doped L10-FeNi [8] and found that with a

12.5% substitutional doping of Pt, MCA increases from

0.43 to 1.37 MJ/m3 due to tetragonal distortion (c/

a = 1.433) and SOC of heavy transition-metal element, Pt.

Further, L10-type FePd alloy has large MCA due to the

tetragonal symmetry, and hence, it has also been exten-

sively studied as one of the promising magnetic materials

[30–33]. In this present work, we firstly plan to investigate

the TC of pristine L10-FeNi and then focus on the possible

enhancement of MCA for pristine case by dilute substitu-

tional doping of Pd. Although Pd is expensive, the purpose

of our study is to add one more flavor to its extraordinary

essence that it can also enhance MCA when used as a

substitutional dopant via theoretical study.

2. Computational detail

For all calculations, we take the advantage of full potential

linearized augmented plane wave (FPLAPW) method as

implemented in WIEN2k [34] under the framework of

density functional theory DFT) for calculating the elec-

tronic and magnetic properties of both pristine and opti-

mized Pd-substituted FeNi. On Pd-substitution, the

optimizations of crystal structures were obtained by lattice

movement and relaxation of all the atoms using projector

augmented wave (PAW) method as implemented in Vienna

ab-initio simulation package (VASP) [35]. For exchange–

correlation energy, we selected the Perdew, Burke and

Ernzerhof (PBE) parametrization [36]-based spin depen-

dent generalized-gradient-approximation (GGA). Further, a

fully relativistic treatment was adopted for the core states

whereas a scalar relativistic approach was used for the

valence states. Additionally, inside the muffin-tin (MT)

spheres valence electronic wavefunctions were expanded

up to lmax = 10. In the FPLAPW calculations, the energy

threshold between core and valence states was set as - 6.0

Ry. For MCA calculations of pristine FeNi, the value of

radii of MT sphere (RMT) was set to 2.18 a0 for both Fe and

Ni atoms, where a0 is Bohr radius, with RMTkmax = 8.

Further, in the interstitial region, Gmax = 12 a.u.-1 was

used for Fourier expansion of potential. The modified

tetrahedron method [37] was taken up for k-space inte-

gration, and a dense k-mesh of 59 9 59 9 42

(* 150,000 k-points in whole brillouin zone) was used for

obtaining high resolution in MCA calculations of L10-

FeNi. The charge and energy convergence criteria were set

to be 10–6 e and 10–6 Ry, respectively.

The MCA and orbital magnetic moments are the rela-

tivistic effects, thus, the SOC Hamiltonian, HSO [38] hav-

ing contributions from each atomic site (i) with SOC

constant, ni is given by:

HSO ¼
X

i

niL:S ð1Þ

where L and S are the single-electron angular and spin

momentum operator, respectively. It was incorporated in

the calculations as a second-order perturbation to the total

energy and yields the following change in ground state

energies of system [39]:

DE 2ð Þ
SO ¼ �

Xocc:

n;r

Xunocc:

n0;r0

n; r HSOj jn0; r0h ij j2

E0
n0;r0 � E0

n;r

ð2Þ

where n; rj i is an unperturbed state of energy band n and
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spin r. The MCA was calculated using the magnetic force

theorem [40, 41] with the formula:

MCA ¼ E100 � E001 ð3Þ

where E100 and E001 are the accumulated occupied band

energy eigenvalues for magnetization vector oriented along

[100] and [001] directions, respectively. Generally, the

MCA constant (K) is calculated as MCA energy per unit

volume, and its positive/negative indicates uniaxial/inplane

MCA. For practical uses, the magnetic materials must have

enough value of TC, well above the room temperature to

maintain intrinsic magnetic properties. In this direction, the

estimation of TC was made within mean field

approximation (MFA) by calculating interatomic

exchange coupling constants appearing in the expression

of the Heisenberg Hamiltonian [42],

Hex ¼ �
X

i6¼j

Jij Si
!
:Sj
! ð4Þ

where Si represents the local spin magnetic moment of the

ith site, and Jij stands for the exchange coupling constant

among ith and jth sites.

3. Results and discussions

FeNi exists in tetragonal L10-structure which contains

alternating atomic layers of Fe and Ni, stacked alterna-

tively along the c-axis (spacegroup: P4/mmm) [43]. It can

be represented by two kinds of unit cells, (i) face centered

tetragonal (fct) and (ii) body centered tetragonal (bct). This

type of consideration has also been used by Edström et al.

[18] The bct unit cell as the input structure for the simu-

lations is preferred due to its smallest basis that requires

low computational cost [21]. In present study, we also

proceeded with bct unit cell (Fig. 1) which is encompassed

in two fct unit cells. Here, Fe and Ni atom are presented at

(0, 0, 0) and (0.5, 0.5, 0.5), respectively. The experimental

lattice parameters of L10-FeNi are a = 2.533 ± 0.002 Å

and c = 3.582 ± 0.002 Å [43].

The total and atomic projected density of states of

pristine L10-FeNi has already been reported previously by

our group [9]. In that work, we showed that the contribu-

tion of Fe (2.70 lB) is larger than that of Ni (0.64 lB) to the

total spin magnetic moment of FeNi (3.27 lB). Also, the

calculated MCA per unit volume (K) of FeNi within GGA

only was found to be 0.430 MJ/m3. Further, the figure of

merit for PMs i.e., maximum energy product ((BH)max) for

FeNi is limited due to Hc\Ms=2 and is 432 kJ/m3 that

defines their magnetic quality. The value of (BH)max [44]

can be estimated by

BHð Þmax¼
l0M

2
s

4
; Hc [Ms=2

l0MsHc

2
; Hc\Ms=2

(
ð5Þ

In order to calculate the TC, we considered the fct unit

cell of FeNi [9] in three different magnetic configurations

as shown in Fig. 2. The value of TC ¼ 2J=3kB [45], where,

J ¼
P

Jij and kB is Boltzmann constant, comes out to be

865 K, which is in agreement with the previous reported

data (916 K [18], 823 K [46] and 830 K [47]).

The value of MCA of L10-FeNi is low, and insufficient

for the use of FeNi in the PMs. Keeping this in mind, we

tried to enhance its MCA by substitution of Fe or/and Ni by

4d-element Pd as illustrated in Fig. 3. The FeNi:PdFe/Ni

Fig. 1 Equivalent fct and bct unit cell of L10-FeNi. Note that Ni

atoms shown in red dotted box are not the part of bct unit cell

Fig. 2 (a) Ferromagnetic (FM), (b) mixed antiferromagnetic (AFM1) and (c) layered antiferromagnetic (AFM2), spin magnetic configurations of

fct FeNi
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represents the substitution of one Fe/Ni by Pd in

3 9 3 9 2 supercell (2.78%) of L10-FeNi and FeNi:Pd-

FeNi1/2/3 stands for dual substitution i.e., one for Fe at

(0,0,0) and another for Ni which is present as first/second/

third nearest neighbour of Fe by Pd in same 3 9 3 9 2

supercell (5.56%).

The total density of states (DOS) in FeNi and FeNi:Pd

alloys are depicted in Fig. 4. All of these DOS are spin

Fig. 3 3 9 3 9 2 supercell of L10 structured Pd substituted FeNi alloys. Single substitution at (a) Fe-site, (b) at Ni-site, dual substitution (c) at

Fe and Ni1 sites, (d) at Fe and Ni2 sites and (e) at Fe and Ni3 sites

Fig. 4 Calculated spin polarized total DOS of pristine FeNi and

FeNi:Pd alloys

Fig. 5 Calculated spin polarized total and various d-orbitals DOS of

FeNi:PdFe alloy
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polarized, indicating the ferromagnetic behavior for all.

With substitution of Pd in place of Fe or/and Ni in FeNi, no

significant change is observed. To analyze the states

responsible for total DOS, the contributions from d-orbitals

of all three transition metals (Fe, Ni and Pd) in FeNi:PdFe

configuration have been displayed in Fig. 5. For brevity,

only one configuration (FeNi:PdFe) is discussed and for all

other studied configurations, same explanation is expected.

From Fig. 5, it is clear that all d-DOS of Fe-, Ni- and Pd-

atoms equally contributing in total DOS, suggestion strong

d-d coupling among all three.

The tetragonal distortion (c/a) and magnetic properties

of FeNi:Pd alloys, as listed in Table 1, indicate that the

value of c/a increases slightly on substitution of Fe or/and

Ni by Pd due to relatively larger size of 4d-element (Pd) as

compared to that of 3d-elements (Fe and Ni). Further, our

calculations reveal that the saturation magnetization

decreases on replacement of Fe or/and Ni by Pd which is an

expected behavior due to low magnetic moment of Pd

(* 0.37 lB) as compared to that of Fe (* 2.69 lB) and Ni

(* 0.69 lB).

In case of FeNi:PdNi, total spin magnetic moment

remains almost same because here, Ni (3d8) is substituted

by Pd (4d8) element having similar valence d-configura-

tion. For all FeNi:Pd alloys, MCA increases as compared to

pristine FeNi. This increase is clearly a consequence of

tetragonal distortion induced due to the involvement of

large sized 4d-element (Pd). Although the tetragonal dis-

tortion is almost same in all FeNi:Pd alloys for dual sub-

stitutions (Table 1), however, the MCA enhances as the

nearest neighbor (n–n) distance between Pd substitutions at

Fe-site (0,0,0) and Ni-site increases. Further, there is only a

slight increase in MCA with single/dual substitution of Pd

(from 0.430 to 0.562/0.616 MJ/m3). Besides tetragonal

distortion effect, this kind of complicated behavior of MCA

with Pd substitution may be related complex SOC of

4d transition element, Pd.

The value of coercivity (Hc), maximum energy product

((BH)max) and magnetic hardness parameter,

j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K=l0M

2
s

p
, for studied alloys are listed in Table 1.

Our estimated Hc follows the same trend as that of MCA,

however, for all substituted alloys except FeNi:PdNi, the

minimum requirement for PMs, which is Hc[Ms/2 and

j[�, has been attained [48]. Moreover, (BH)max also

gets increased for all the cases which is an advantageous

property for PMs. Therefore, the FeNi:Pd alloys are con-

ceivable candidates with optimum properties for the

application in PMs.

4. Conclusions

In quest for finding the materials free from rare-earth and

critical transition-metal elements with significant magne-

tocrystalline anisotropy, we have investigated the Pd-sub-

stituted L10-FeNi alloys via density functional theory-

based full potential simulations. Our calculated results for

FeNi:Pd alloys (except FeNi:PdNi) predict that dilute Pd-

substitutional doping offers an ideal platform for realizing

the minimum hard magnetic properties to achieve the

technological applications i.e., large magnetization with

optimum uniaxial magnetic anisotropy, coercivity and

hardness parameter. A slight increase in MCA of FeNi with

single/dual substitution of Pd (from 0.430 to 0.562/

0.616 MJ/m3) is observed which is a consequence of

complex spin–orbit coupling of 4d transition element, Pd.

We hope that our predictions will inspire the experimen-

talists towards rare-earth free high performance permanent

magnetic and spintronic materials based on FeNi:Pd alloys.
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Alloy (Å) c (Å) c/a mstot (lB) Ms (T) K (MJ/m3) Hc (MA/m) (BH)max (KJ/m3) j

FeNi 2.531*

2.533 ± 0.002a

3.579*

3.582

± 0.002a

1.414*

–

3.270*

–

1.330*

–

0.430*

–

0.520*

–

432*

–

0.44

–

FeNi:PdFe 2.521 3.585 1.422 3.163 1.615 0.562 0.694 520 0.66

FeNi:PdNi 2.522 3.592 1.424 3.271 1.665 0.502 0.604 501 0.61
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