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a b s t r a c t

We report the tunable magnetic properties of L10-FeNi via inducing tetragonal distortion with interstitial
doping. For this, we have performed full potential calculations of L10-FeNi with interstitial N-doping
within generalized gradient approximation. Two types of interstitial N-doping in Ni/Fe-layer of the
parent alloy have been investigated. The calculated formation energy reveals the increased structure
stability of tetragonally distorted FeNi via N-doping. Our calculations predict that this structural
distortion induces large magnetocrystalline anisotropy at the cost of small degradation in the saturation
magnetization. The increment in magnetocrystalline anisotropy is more for N-doping in Ni-layer as
compared to that in Fe-layer. Hence, L10-FeNi:N alloy with N addition to Ni-layer has all the qualities to
be emerged out as a probable material for permanent magnets in coming years.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In modern technological society, the search for new permanent
magnetic materials with specific combinations of properties (large
magnetization (Ms), Curie temperature (TC) and magnetocrystalline
anisotropy (MCA)), has become intense in recent years. This com-
bination is commonly found in rare earth (RE) - transition metal
(TM) alloys, such as Nd-Fe-B and SmeCo. However, due to the RE
crisis, researchers triggered to replace RE based permanent mag-
netic materials with reduced RE or RE free based ones [1e5]. The
main challenge in this context is to obtain a sufficiently large MCA
in TM compounds. Among the possible materials for replacing RE
elements in permanent magnets (PMs), the ordered L10-FeNi is the
one which has large theoretically possible maximum energy
product, (BH)max ~ 446 kJ/m3, large saturationmagnetization ~ 1.5 T,
high Curie temperature ~ 830 K. Further, various researchers
observed the MCA of ordered L10-FeNi oscillating around 1.0 MJ/m3

[6e10].
@kuk.ac.in (M.K. Kashyap).
Some researchers proved that the strain engineering or alloying
can be used to carefully tune the properties of magnetic materials
to obtain desirable functionality. Using first principles calculations,
Miuara et al. [11] investigated the change in MCA of L10-FeNi with
in-plane lattice parameter (a) by relaxing the perpendicular lattice
parameter (c). They found that theMCA increases with decreasing a
(with increasing c), reaching to a maximum value of 1.6 MJ/m3 at
a ¼ 2.250 Å (c/a ¼ 1.756). Indeed, Mizuguchi et al. [7] experimen-
tally found the increase in MCA of L10-FeNi with increasing axial
ratio c/a. Kojima et al. [12] examined the addition of Co in place of
Fe or Ni or both in L10-FeNi films and demonstrated the slight
enhancement in MCAwhen it is added to Ni layer only. Manchanda
et al. [13] studied the L10-FeNi alloys with different doping com-
positions of Al, Co, Cr, Mn, Ni, P, S, Ti, V and B at substitutional/
interstitial site. Out of all, they found B-atom located in the Ni-plane
interstices enhances the anisotropy energy from 0.20 meV to
0.89 meV per unit cell. In order to promote the formation of L10-
FeNi crystal structure, Lewis et al. [14] invented FeNi alloys doped
with one or more doping elements. They found the phase stability
of FeNi increases with both substitutional (Ti, V, Al) and interstitial
(B and C) additions. Takata et al. [15] reported that the epitaxial
films of FeNiN can be grown using the reactive molecular beam
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Fig. 1. Schematics of the 2 � 2 � 1 supercell of FeNi with two different kind of N-doping. FeNi:N(ONi)/FeNi:N(OFe) represents N doping at interstitial sites in Ni/Fe-layer.

Table 1
Optimized lattice parameters using VASP and formation energy (EFor) using WIEN2k
of FeNi and FeNi:N.

Alloy Lattice Parameters c/a EFor (eV)

a (Å) c (Å)

FeNi 2.531 3.579 1.414 �0.18
FeNi:N(ONi) 2.561 3.714 1.450 �2.35
FeNi:N(OFe) 2.554 3.778 1.479 �2.26

P. Rani et al. / Journal of Alloys and Compounds 835 (2020) 1553252
epitaxy technique. Goto et al. [16,17] synthesized single-phase L10-
FeNi powder with a high degree of order using nitrogen insertion
and topotactic extraction method. They showed that MeT curves of
FeNiN show a cusp associated with the antiferromagnetic phase
transition at TN z 178 K, and positive Weiss temperature
(qp z 100 K). Wysocki et al. [18] investigated a route to introduce
and control tetragonality in FeNi1-xCox alloys obtained by doping
the L10 phase of FeNi with Co. They found that the ordered
FeNi0$5Co0.5 alloy exhibits MCA as 180 meV/atomwhich is larger by
a factor of 4.5 from that of L10 FeNi (40 meV/atom) .

The MCA value of L10-FeNi is insufficient for permanent mag-
nets. In our previous study, we reported the significant effect of
substitutional doping of Pt on MCA of L10-FeNi [19]. However, Pt-
doping is not cost effective and cannot yield magnets at a rela-
tively lower price. In order tomaintain economical prospective, this
time, we have planned to tune the MCA of L10-FeNi by a small and
abundant element (N). The simulations for the same have been
performed using first principles approach within the framework of
density functional theory (DFT). The other aim of the present work
is to check the effect of interstitial N-doping on the magnetic
response of L10-FeNi.
Table 2
Calculated total and atom resolved spin magnetic moments (ms), orbital magnetic momen

Compound Direction Magnetic Moments (mB)

FeNi Fe Ni
001 ms

ml

2.701
0.054

0.645
0.036

100 ms
ml

2.702
0.049

0.645
0.038

Expt. ms
ml

2.540 [28]
0.050 [28]

0.730 [29]
0.100 [29]

FeNi:N(ONi) Fe1 Fe2 Fe3
001 ms

ml

2.740
0.063

2.895
0.059

2.037
0.042

100 ms
ml

2.741
0.048

2.895
0.046

2.038
0.007

FeNi:N(OFe) Fe Ni1 Ni2
001 ms

ml

2.394
0.047

0.346
0.024

0.861
0.054

100 ms
ml

2.392
0.041

0.346
0.007

0.860
0.054

Mizuguchi et al. [7], Poirier et al. [8], Paulev�e et al. [9], Cable et al. [28], Kostugi et al. [29
2. Theoretical approach

L10-FeNi exists in tetragonal structure containing alternating
Fe and Ni layers along the c-axis and having lattice parameters,
a ¼ 2.53 Å and c ¼ 3.58 Å [20] (space group: P4/mmm). On N-
doping, the lattice relaxation and movement of all the atoms were
allowed to obtain the optimized structure using Vienna ab-initio
simulation package (VASP) [21] within generalized gradient
approximation (GGA). The electronic and magnetic properties of
both pristine and N-doped FeNi were carried out using full po-
tential linearized augmented plane wave (FPLAPW) method as
implemented in WIEN2k [22]. For the exchange-correlation en-
ergy, we adopted the spin-polarized GGA proposed by Perdew,
Becke and Ernzerhof (PBE) [23]. In FPLAPW calculations, the core
states were treated fully relativistically, whereas for the valence
states, a scalar relativistic approach was used. Additionally,
valence electronic wavefunctions inside the Muffin-tin sphere
were expanded up to lmax ¼ 10. The radii of the Muffin-tin sphere
(RMT) for various atoms were taken in such a way to ensure nearly
touching spheres and thus to avoid the possibility of charge
leakage. The plane wave cut-off parameters were decided by
RMTkmax ¼ 7 (where kmax is the largest wave vector of the basis
set) and Gmax ¼ 12 a.u.�1 for Fourier expansion of potential in the
interstitial region. To ensure high resolution for MCA calculations,
a dense k-mesh of 30 � 30 � 21 was used. The charge and energy
convergence criteria were set to be 10�6 e and 10�6 Ry, respec-
tively. The MCA and orbital moments are the relativistic effects
and therefore, the spin-orbit coupling (SOC) was also incorpo-
rated in the calculations as a second-order perturbation to total
energy. The SOC Hamiltonian, HSO [24,25] yields the following
change in ground state energies of the alloys:
ts (ml), saturation magnetization (Ms) and MCA (K) of FeNi and FeNi:N uisngWIEN2k.

Ms (T) K (MJ/m3)

Total 0.43
3.272
e

1.66
1.67 [30]

3.272
e

1.47 [8] 0.58e1.3 [7e9]

Ni N Total 1.53 0.95
0.579
0.036

0.059
0.001

3.226
e

0.580
0.030

0.060
0.002

3.229
e

Ni3 N Total 1.46 0.63
0.847
0.053

�0.046
0.004

3.043
e

0.847
0.051

�0.045
0.002

3.041
e

], Edstr€om et al. [30].



Fig. 2. Phonon dispersion curves for (a) FeNi (b) FeNi:N(ONi) and (c) FeNi:N(OFe).
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DEð2ÞSO ¼ �
Xocc:
n;s

Xunocc:
n’;s’

jhn;sjHSOjn’; s’ij2
E0n’;s’ � E0n;s

(1)

where n; s> and n’; s’ > are unperturbed occupied (with band n,
and spin s) and unoccupied (with band n’ and spin s’) energy
states, respectively. E0n;s and E0n’ ;s’ represent the corresponding ei-
genvalues of these states. The MCA was calculated using the mag-
netic force theorem [26,27] with the formula:

MCA¼ E100 � E001 (2)

where E100 and E001 are the summation of occupied band energy
eigenvalues for magnetization vector oriented along [100] and
[001] directions, respectively. The positive/negative value obtained
from equation (2) indicates uniaxial/in-plane MCA.

3. Results and discussion

Fig. 1 shows the schematics of the 2 � 2 � 1 supercell of base
material FeNi which is interstitially doped with a N-atom to
simulate FeNi:N. Pristine FeNi in its 2 � 2 � 1 supercell clearly
contains interstitial positions in Fe as well as Ni layers where a
small foreign atom can easily be incorporated without distorting
the L10-tetragonal crystal structure. After relaxation, it was
observed that c/a ratio increases (Table 1) due to tetragonal
distortion on interstitial N-doping in both layers.

Firstly, in order to check the structure stability, we have calcu-
lated the formation energy (EFor) of FeNi and FeNi:N (Table 1) by
using the following formulae:

EFeNiFor ¼ EFeNi � EFe � ENi (3)

EFeNi:NFor ¼ðEFeNi:N �4EFe �4ENi �1 =2 EN2Þ
.
4 (4)

where EFeNi, EFeNi:N, EFe, ENi and EN2 are the ground state energies of
pristine FeNi, FeNi:N supercell, Fe, Ni and N2 in their native states,
respectively. These native states are bcc Fe, fcc Ni and N2 molecule.
The negative values of formation energies for all cases indicate the
structural stability. We observed that the tetragonal distortion
induced by N-doping promotes the formation of FeNi furthermore.

Further, as is well-known, the phonon dispersion spectra can be
used to estimate dynamical structural stability. In this context, we
have calculated the phonon dispersion for pristine and interstitially
doped FeNi as shown in Fig. 2. It is found that the FeNi:N(OFe) phase
is structurally unstable due to the imaginary phonon frequencies
existing in phonon dispersion spectra, whereas the pristine and
FeNi:N(ONi) phases have real frequencies and hence are dynami-
cally stable structures.

For investigation of electronic properties, total and orbital pro-
jected density of states (DOS) of FeNi and FeNi:N are depicted in
Fig. 3. The total DOS of FeNi is spin polarized while on addition of N,
some states get accommodated near the Fermi level (EF) in majority
spin channel of FeNi:N which reduces its spin polarization.

In FeNi:N(ONi/OFe), due to asymmetry caused by interstitial N-
impurity, all Fe/Ni atoms can be categorized as three non-
equivalent atoms, denoted by (Fe1, Fe2 and Fe3)/(Ni1, Ni2 and Ni3).
The DOS in the vicinity of EF are due to the admixture of Fe3-3d/Ni3-
3d and N-2p states.

The net magnetic moment can be computed by the difference of
majority and minority spin states in the occupied region. The mi-
nority spin states are less filled in Fe (3d6) as compared to Ni (3d8)
which results in larger spin magnetic moment for Fe (2.70 mB) than
that of Ni (0.64 mB). The total spin magnetic moment of FeNi:N(ONi/



Fig. 3. Calculated total and orbital projected DOS of (a) FeNi (b) FeNi:N(ONi) and (c) FeNi:N(OFe) alloys. Fermi level (EF) is shifted to 0 eV.

Table 3
Calculated lattice parameters (a,c), formation energy (EFor), MCA (K), saturation magnetization (Ms), coercivity (Hc) and maximum energy product ((BH)max) of FeNi and
FeNi:N(ONi) using WIEN2k.

Percentage Supercell a (Å) c (Å) c/a EFor (eV) K (MJ/m3) Ms (T) Hc (MA/m) (BH)max

(kJ/m3)

Pristine e 2.531 3.579 1.414 �0.18 0.43 1.67 0.52 432
6.25 2 � 2 � 4 2.529 3.621 1.432 �0.93 0.52 1.62 0.64 519
12.5 2 � 2 � 2 2.536 3.662 1.444 �1.38 0.54 1.58 0.68 496
25.0 2 � 2 � 1 2.561 3.714 1.450 �2.35 0.95 1.53 1.24 465

Fig. 4. Band structures including SOC with magnetization along [100] (blue lines) and
[001] (red lines) directions along with the MCA contribution per k-point (green), ob-
tained via the magnetic force theorem for majority spin states of (a) FeNi:N(ONi) (b)
FeNi:N(OFe).

Fig. 5. Saturation magnetization (Ms), maximum energy product ((BH)max), coercivity
(Hc) and MCA (K) of FeNi:N(ONi) with different doping percentage of N.
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OFe) decreases due to the hybridization of Fe3-3d and Ni-3d/Fe-3d
and Ni3-3d with p-states of non-magnetic impurity atom (N-2p).
This decrease is more in FeNi:N(OFe) due to antiparallel alignment
of N-2p with Fe-3d and Ni-3d states. The calculated spin magnetic
moments are isotropic for all the alloys. However, orbital magnetic
moments are directional dependent and orbital moment anisot-
ropy (OMA), defined by△ml ¼ m001l � m100l , is found as 0.005 mB for
Fe and �0.002 mB for Ni in pristine FeNi. This observation is in good
agreement with Miuara et al. [11]. In case of FeNi:N(ONi), the
observed OMA is 0.021/0.006/-0.001 mB for Fe/Ni/N and in FeNi:-
N(OFe), this value is 0.006/0.006/0.002 mB. Hence, the overall sum of
OMA increases in both cases.

The saturation magnetization (Ms) is defined as total magnetic
moment per unit volume. However, in TM alloys, the orbital mo-
ments remain quenched due to crystal field effect. Therefore, total
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magnetic moment is approximately equal to total spin magnetic
moment. Thus, the Ms values for all cases have been calculated as
total spin magnetic moment per unit volume which are listed in
Table 2 along with the final values of MCA. The saturation
magnetization of pristine FeNi is 1.66 T which is in close agreement
to previously calculated theoretical value 1.67 T [30] and consistent
with experimental results i.e. 1.47 T [8]. On interstitial N-doping,Ms

decreases from 1.66 T to 1.53/1.46 T for FeNi:N(ONi/OFe) case. This
decrease is larger in FeNi:N(OFe) due to decrease in Fe moment
which exists in the plane containing non-magnetic N impurity.
Further, Fe is anti-ferromagnetically coupled with N impurity in
this situation. The calculated MCA of L10-FeNi is 0.43 MJ/m3 which
is comparable to 0.47 MJ/m3 as calculated by Werwinski et al. [10]
However, its experimentally measured value oscillates around
1MJ/m3 [6e10], depending on the synthesis technique used. On the
addition of interstitial N-doping, the MCA increases to 0.95/
0.63 MJ/m3 for FeNi:N(ONi/OFe). This increase may be attributed to
the tetragonal distortion i.e. increased c/a ratio. The similar obser-
vations were noticed byMiuara et al. [11] andManchanda et al. [13]
theoretically for pristine FeNi and FeNi:B case, respectively. On
experimental front also, the increase in MCA with increasing c/a
ratio was reported by Mizuguchi et al. [7] for L10-FeNi thin film.
Further, the anisotropy energy per atom is directly proportional to
OMA [31] i.e. larger OMA results large MCA. In FeNi:N, enhance-
ment in OMA leads to large MCA. Moreover, in FeNi:N(ONi), orbital
anisotropy is even larger that allows larger MCA (0.95 MJ/m3) than
that of FeNi:N(OFe) (0.63 MJ/m3).

The structural stability and magnetic properties clarify that out
of two FeNi:N alloys, FeNi:N(ONi) is more suitable candidate to act
as permanent magnetic material. Therefore, we have checked the
concentration variation of N in FeNi:N(ONi) only. From our calcu-
lations, we have found the obvious result (Table 3) i.e. the MCA
increases on increasing the concentration of N-impurity at negli-
gible cost of magnetization. This increase is clearly a consequence
of tetragonal distortion induced due to the increased interstitial N-
impurity. Moreover, increased tetragonal distortion furthermore
promotes the structural stability of L10-FeNi. This is in agreement
with the experimental result reported by Mizuguchi et al. [7].

In order to find the origin of the MCA, the electronic band
structures with SOC along two magnetization directions [100] and
[001] as well as MCA contribution at various k-points using the
magnetic force theorem [26,27] are analyzed for majority spin state
of FeNi:N in Fig. 4. As the MCA depends on the electronic structure
in the vicinity of EF (SOC constants of TMs are very
low ~ 50e100 meV [32]), the band structures are plotted only near
EF. On analyzing band structures, it is found that difference in en-
ergies for both FeNi:N alloys is overall positive which leads to
uniaxial anisotropy.

After knowing Ms and K, we can determine the intrinsic hard
magnetic property, coercivity (Hc) and figure of merit i.e. maximum
energy product (BH)max. The coercivity (Hc) is anticipated by using
empirical Kronmüller equation [3,33,34] after ignoring local
demagnetizing factor.

Hc ¼ 2K
m0Ms

a (5)

where a is the microstructure constant, in real systems, its value is
less than one and depends on the shape and size of the grain,
temperature, and other extrinsic quantities but here Hc has been
estimated by setting a ¼ 1.

On the other hand, (BH)max is equal to twice of the maximum
energy density which can be stored in a magnet (Table 3). The
estimated value of (BH)max [35] is given by
ðBHÞmax ¼

8>>><
>>>:

m0M
2
s

4
Hc >Ms

,
2

m0MsHc

2
Hc <Ms

�
2

(6)

Fig. 5 shows the variation of magnetic response of FeNi:N(ONi)
with different dopant concentrations. From this figure, we observe
that the value of Hc and K increases with small suppression ofMs on
increasing the N-concentration due to the increase in tetragonal
distortion. In pristine FeNi, due to less coercivity, (BH)max is limited
to 432MJ/m3. On introduction of N-impurity, firstly it increases and
then decreases as the value of (BH)max becomes proportional to Ms

2

because of higher value of coercivity i.e. Hc > Ms/2.
4. Conclusion

In order to tune the magnetocrystalline anisotropy of L10-FeNi,
the electronic and magnetic properties of FeNi and FeNi:N have
been analyzed using full potential approach. The calculated results
impart that interstitial N-doping induces tetragonal distortion that
yields an increase in magnetocrystalline anisotropy at the cost of
slight decrease in saturation magnetization due to hybridization of
Fe/Ni-3d states with N-2p states. Further, our observations prove
that the magnetocrystalline anisotropy and magnetization values
for FeNi:N(ONi) case are more appropriate for permanent magnetic
materials than that for FeNi:N(OFe). In the nutshell, FeNi:N(ONi) has
the potential to act as auspicious material for RE free permanent
magnets due to its large value of coerciviy as well as maximum
energy product. We hope the predicted results will open a new
avenue for testing FeNi with interstitial N-doping at experimental
front also.
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