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ABSTRACT

The magnetocrystalline anisotropy energy of atomically ordered L10 FeNi (the meteoritic mineral tetrataenite) is studied within a first-
principles electronic structure framework. Two compositions are examined: equiatomic Fe0:5Ni0:5 and an Fe-rich composition, Fe0:56Ni0:44.
It is confirmed that, for the single crystals modeled in this work, the leading-order anisotropy coefficient K1 dominates the higher-order
coefficients K2 and K3. To enable comparison with experiment, the effects of both imperfect atomic long-range order and finite temperature
are included. While our computational results initially appear to undershoot the measured experimental values for this system, careful scru-
tiny of the original analysis due to Néel et al. [J. Appl. Phys. 35, 873 (1964)] suggests that our computed value of K1 is, in fact, consistent
with experimental values, and that the noted discrepancy has its origins in the nanoscale polycrystalline, multivariant nature of experimental
samples, that yields much larger values of K2 and K3 than expected a priori. These results provide fresh insight into the existing discrepan-
cies in the literature regarding the value of tetrataenite’s uniaxial magnetocrystalline anisotropy in both natural and synthetic samples.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0169752

I. INTRODUCTION

Permanent magnets are of critical importance in many tech-
nological applications, prime examples being in electrical power gen-
eration and electric motors that are essential in the transition to a
low-carbon future. At present, the vast majority of permanent
magnets used for advanced applications contain significant amounts
of rare-earth elements such as samarium and neodymium,1 with
examples being SmCo5

2 and Nd2Fe14B;
3,4 the latter compound also

requires incorporation of rare and expensive dysprosium and/or
terbium for robust high-temperature performance. These rare-earth
elements are a constrained resource accompanied by concerns
around price volatility and the long-term stability of the global
supply chain.5,6 There are also concerns over the environmental
impact of their extraction7 and processing. Overall, these conditions
motivate a globally concerted effort to develop rare-earth-free per-
manent magnets for use in advanced applications. One such candi-
date under consideration is atomically ordered Fe–Ni that crystallizes

in the tetragonal L10 structure.8 (The L10 structure is visualized in
Fig. 1.) This compound, which is naturally found in extremely slowly
cooled metallic meteorites, is also referred to as tetrataenite.9

Although there are significant challenges associated with its for-
mation that arise from a low atomic ordering temperature and slug-
gish kinetics,10 the L10 phase is thermodynamically stable relative to
its atomically disordered, face-centered-cubic (fcc) counterpart, and a
number of attempts have been made to synthesize it in the
laboratory.10–23 Tetrataenite is known, both from experimental
measurements10–24 and from theoretical calculations,25–31 to possess a
sufficiently large uniaxial magnetocrystalline anisotropy energy (MAE)
to be useful as a “gap magnet,”32 with anticipated performance below
that of the rare-earth magnets but above that of oxide ferrite magnets.

To date, computational modeling of tetrataenite’s magneto-
crystalline anisotropy has focused on evaluating its uniaxial anisot-
ropy energy, KU , which is the difference in energy between the
system magnetized in the ẑ direction compared to that along the x̂
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direction, rather than resolving it into its separate coefficients, i.e.,
KU ¼ K1 þ K2 þ K3. In addition, these calculations have primarily
focused on the equiatomic binary composition, Fe0:5Ni0:5, at T ¼ 0 K
and with perfect atomic order.25–31 However, experimental measure-
ments of this material’s magnetocrystalline anisotropy are invariably
performed at finite temperature (typically room temperature) on
samples with imperfect atomic order.10–19,22,24,33 (A summary of the

experimental data can be found in Table I.) These factors are signifi-
cant, because both decreasing atomic long-range order and increasing
temperature reduce the magnetocrystalline anisotropy of L10
materials.34–36

Computational predictions25–31 give an MAE for L10
Fe0:5Ni0:5 in the range of 0.23–0.78MJ m�3, while experimental
observations10–16,18,19,22,24 fall in the range of 0.2–0.93MJ m�3.
Although at first glance there appears to be consistency between
experiment and theory, we again emphasise that theoretical calcula-
tions are performed at T ¼ 0 K on systems with perfect atomic
order, while experimental measurements are performed at room
temperature on samples with imperfect atomic order. Further anal-
ysis of the experimental data8,10,27 has suggested that the MAE of
this material could reach the range of 1.0–1.3 MJ m�3. Typically,
ab initio estimates of MAE values for L10 transition-metal/noble-
metal systems have been in good agreement with the corresponding
experimental data, for example for FePd,37 FePt,34,35,37,38 and
CoPt,38 where the ab initio values for idealized systems tend to, if
anything, slightly overestimate MAE values. The discrepancy
between experimental and computational results for FeNi is there-
fore striking, and we suggest that it highlights a gap in understand-
ing of the underlying physical origin of magnetocrystalline
anisotropy in this material.

In addition, we note that almost all computational studies,
and most experiments, do not resolve the anisotropy energy into its
separate coefficients, K1, K2, and K3. These coefficients have their
origins in the symmetry of the underlying crystal structure. For a
tetragonal crystal structure, K1 is the leading (second-order) term
in an expansion of the magnetocrystalline anisotropy energy, while
K2 and K3 are higher-order (fourth order) terms.39 Significantly,
the two seminal works on this material by Néel et al.10 and Paulevé
et al.11 do indeed provide values for these separate K2 and K3 coef-
ficients but they are unusually large for a uniaxial material. These
large values of K2 and K3 are noted to make a significant contribu-
tion to the total uniaxial anisotropy coefficient, KU .

FIG. 1. Visualization of the L10 ordered structure imposed on a face-centered
tetragonal lattice. The conventional simple tetragonal cell, with 1a sites at the
corners and a 1d site at the center, is indicated by dashed black lines. The
simple tetragonal unit cell has lattice parameters c0 ¼ c, a0 ¼ b0 ¼ a=

ffiffiffi
2

p
,

where a and c are the face-centered tetragonal lattice parameters. Perfectly
ordered L10 Fe0:5Ni0:5 has all 1a (blue) sites occupied by Fe atoms, and all 1d
(red) sites occupied by Ni atoms. The disordered Fe0:5Ni0:5 alloy in which every
site is occupied with a 50% probability of either Fe or Ni has a face-centered
cubic lattice with c ¼ a.

TABLE I. Experimental measurements of the magnetocrystalline anisotropy of FeNi, with sample description and atomic order parameter, S, where provided. Blank fields in
the table indicate values not provided in the associated reference. Uncertainties are quoted where provided in the associated reference. KU denotes the conventional measure-
ment of the uniaxial anisotropy, the difference in energy between a system magnetized in the ẑ direction and one magnetized in the x̂ direction. We note that the order parame-
ter provided by Néel et al. in Ref. 10 is an estimate, rather than a direct measurement.

Anisotropy constants (MJ m−3)

Reference Sample type Composition S T (K) KU K1 K2 K3

Néel et al.10 Bulk sample (disk) Fe0.5Ni0.5 0.41–0.45 (Estimate) 293 0.55 0.32 0.23
Paulevé et al.11 Bulk sample (sphere) Fe0.5Ni0.5 0.55 0.3 0.17 0.08
Shima et al.12 Film Fe0.5Ni0.5 0.6 ± 0.2 Room T. 0.63
Mizugichi et al.13 Thin film Fe0.5Ni0.5 0.33 Room T. 0.58
Kojima et al.14 Film Fe0.5Ni0.5 0.5 ± 0.1 Room T. 0.50 ± 0.01
Kojima et al.15 Film Fe0.5Ni0.5 0.48 ± 0.05 Room T. 0.70 ± 0.02
Kojima et al.16 Film Fe0.5Ni0.5 0.4 Room T. 0.7

Film Fe0.6Ni0.4 0.2 Room T. 0.93
Poirier et al.24 Meteorite Fe0.57Ni0.43 0.84
Frisk et al.18 Film Fe0.5Ni0.5 35 <0.2
Frisk et al.19 Film Fe0.5Ni0.5 300 ∼0.35
Ito et al.22 Film Fe0.5Ni0.5 0.60 Room T. 0.55
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In this work, we address the issues outlined above. We use a
fully relativistic, first-principles-based framework to study the mag-
netocrystalline anisotropy of this system, providing results for both
the equiatomic composition Fe0:5Ni0:5 as well as for an Fe-rich
composition that is more consistent with experimentally deter-
mined composition of tetrataenite in some meteorite samples,8,9,40

Fe0:56Ni0:44. We use our modeling framework to study the depen-
dence of the magnetic torque on the direction of magnetization
and confirm that the leading-order anisotropy coefficient K1

dominates higher-order coefficients K2 and K3 for the univariant
single crystals modeled in this work. We go on to examine the
magnetocrystalline anisotropy energy of this compound at finite
temperature, and find that its value remains high up to and well
beyond room temperature. We also consider the effect of varying
long-range atomic order and find that, for both compositions,
decreasing atomic order consistently decreases the computation-
ally predicted MAE. Finally, we perform calculations in which the
effects of both finite temperature and imperfect atomic ordering
are included. From a careful reading of the original analysis due
to Néel et al.,10 we propose that our predicted MAE values for
ideal single crystals are consistent with the experimental data, and
that it is instead the nanocrystalline, multivariant nature of exper-
imental samples41 that yield larger values of K2 and K3 than
expected a priori.

These results have significant implications. First, they provide
insight into the discrepancies between measured and predicted
anisotropies of this compound in the existing literature, emphasiz-
ing that the higher-order anisotropy coefficients K2 and K3 appear
to make a significant contribution to this material’s experimentally
observed total uniaxial anisotropy energy. Second, these results
demonstrate the impact of varying Fe:Ni ratio on the predicted
value of K1, and conclude that an equiatomic composition is
expected to exhibit superior magnetic performance compared to
those of off-stoichiometry compositions. Finally, it is shown that
the finite-temperature magnetocrystalline anisotropy of this mate-
rial is remarkably robust, lending support for its potential use in
elevated temperature applications. This work therefore supports
renewed contemplation of this compound as a suitable material for
advanced magnets.

This paper is structured as follows. In Sec. II, we briefly
outline the underlying theory and our methodology for obtaining
the MAE from first principles using the torque method as well as
provide relevant computational details. Then, in Sec. III, we
provide results of our calculations and carefully set them in an
experimental context. Finally, in Sec. IV, we summarize our results,
venture an outlook on their implications, and suggest possible
further work.

II. METHODOLOGY

Our technique for modeling the magnetocrystalline anisotropy
energy of a material is based on evaluations of torque when a
system is magnetized in a given direction. These torques are
obtained by evaluating derivatives of an energy, where the energy is
obtained ab initio via density functional theory (DFT) calculations
in which relativistic effects, notably spin–orbit coupling, are
included.42 The method is a numerically robust way of calculating

MAE values which are on the scale of 1 meV/atom or smaller.
Further, by considering torque as a function of angle, the method
enables direct evaluation of the separate anisotropy coefficients K1,
K2, and K3, as well as the usual uniaxial anisotropy constant KU .

We use the Korringa-Kohn-Rostoker (KKR) formulation of
DFT and the coherent potential approximation (CPA)43 to describe
the effects of partial atomic order.37 In addition, the effects of mag-
netic fluctuations at finite temperature are included via the disor-
dered local moment (DLM) picture.44

A. Magnetocrystalline anisotropy

The magnetocrystalline anisotropy energy describes the varia-
tion in energy of a ferromagnetic system due to a rotation of the
magnetization direction. For a ferromagnet with the magnetization
direction n̂, the MAE can be expressed as37

K ¼
X
γ

κγgγ(n̂), (1)

where κγ denote MAE coefficients and gγ denote spherical har-
monics fixing the orientation of n̂ with respect to the crystal axes.
It is convenient to represent n̂ in spherical polar coordinates by
n̂ ¼ ( sin θ cosf, sin θ sinf, cos θ), where θ and f denote polar
and azimuthal angles, respectively, in a coordinate frame specified
by the crystal axes.

In a tetragonal uniaxial ferromagnet, the MAE is known to be
well-described by39

K ¼ K1 sin
2 θ þ K2 sin

4 θ þ K3 sin
4 θ cos 4f, (2)

where K1, K2, and K3 are the conventional anisotropy coefficients.
The total energy of the system is then written as

E(n̂) ¼ Eisoþ K1 sin
2 θ þ K2 sin

4 θ þ K3 sin
4 θ cos 4f, (3)

where Eiso represents the isotropic portion of the energy. The
MAE coefficients K1, K2, and K3 can be accessed from derivatives
of this energy with respect to magnetization directions. Given an
energy of the form in Eq. (3), we have that

@E

@θ
¼ K1 sin 2θ þ 2K2 sin 2θ sin

2 θ

þ 2K3 sin 2θ sin
2 θ cos 4f,

(4)

@E

@f
¼ �4K3 sin

4 θ sin 4f, (5)

and evaluation of these quantities at particular values of θ and f
leads directly to the coefficients.

Moreover, the magnetocrystalline anisotropy energy difference
between the system magnetized in the ẑ and x̂ directions,

KU : ¼ E((1, 0, 0))� E((0, 0, 1)) ¼ K1 þ K2 þ K3, (6)

is given by the evaluation of the derivative, @E
@θ at θ ¼ π

4 and f ¼ 0
directly, enabling us to obtain the MAE in a one-shot calculation.
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In practice, for a uniaxial ferromagnet, one expects K1 to dominate
K2 and K3,

39 and the anisotropy is typically written as

K ¼ K1 sin
2 θ: (7)

B. Evaluating magnetic torques ab initio

To evaluate these derivatives and, therefore, the MAE coeffi-
cients, we use an expression from the KKR multiple scattering for-
malism for the magnetic torque,34,37,45,46

T(n̂) ¼ � @E(n̂)

@n̂
, (8)

in which the effects of finite-temperature local moment fluctua-
tions44 can also be included. Using the stationary properties of the
relativistic DFT energy E(n̂) with respect to the charge and magneti-
zation densities, the derivation of the torque begins with the single-
electron energy-sum part of this energy. In terms of the integrated
electronic density of states, N (n̂)(E), for a system magnetized along
a direction n̂, this energy is written as

E(n̂) ¼ �
ðE(n̂)

F

N(n̂)(E) dE: (9)

In multiple scattering theory, the integrated density of states is
expressed particularly succinctly using the Lloyd formula43,47

N (n̂)(E) ¼ N0(E)� 1
π
Im ln det t(n̂; E)�1 � G

0
(E))

� �
, (10)

where t(n̂; E) describes an array of single-site-scattering t-matrices
(combined into a super matrix in both site and angular momentum
space) and G

0
(E) specifies the structure constants which contain all

the information on the spatial location of the scatterers.43

At a site i, the t-matrix describing the scattering of an electron
from an effective scalar potential and local magnetic field, aligned
with the spin-polarization of the electron density in that region and
located in the unit cell surrounding the site, is obtained from the
solution of the Dirac equation. This solution is found in a coordi-
nate frame in which the z axis of the local coordinate frame is
aligned with n̂.48,49 A simple transformation produces a t-matrix
for the general coordinate frame,

ti(n̂; E) ¼ R(n̂) ti(ẑ; E)R(n̂)
þ, (11)

where R(n̂) ¼ exp iαm̂(m̂ � J), αm̂ is the angle of rotation about an
axis m̂ ¼ ẑ^n̂

jẑ^n̂j, and J is the total angular momentum. The torque

quantity T (n̂)
αû

¼ � @E(n̂)

@αû
, describing the variation of the total energy with

respect to a rotation of the magnetization about a general axis û, is

T(n̂)
αû

¼ � 1
π

ðE(n̂)
F

Im
@

@αû
ln det t(n̂; E)�1 � G

0
(E)

� �h i
dE, (12)

which can be written as37

T(n̂)
αû

¼ � 1
π

ðE(n̂)
F

Im
X
i

Tr τ(n̂)ii (E)
@

@αû
R(n̂)t(n̂; E)�1R(n̂)þ
� �� �

dE,

(13)

where the KKR scattering path operator43,50 is

τ(n̂) ¼ t(n̂)
� ��1

�G
0

� ��1

: (14)

Since @R(n̂)
@αû

¼ i(J � û)R(n̂) and @R(n̂)þ

@αû
¼ �i(J � û)R(n̂), we obtain

T (n̂)
αû

¼ 1
π

ðE(n̂)F

Imi
X
i

Tr τ(n̂)ii (E) (J � û)t(n̂;E)�1� t(n̂;E)�1(J � û)	 
� �
dE:

(15)

This closed-form expression enables us to evaluate the torque for a
given magnetization direction n̂. By sampling a range of values of θ
and f, it is therefore possible to extract values of the coefficients K1, K2,
and K3 separately along with the conventional uniaxial anisotropy, KU .
We note that this technique for evaluating the MAE has previously
exhibited exceptional fidelity when applied to other alloys crystallising
in the L10 structure, giving values in excellent agreement with experi-
mental literature for the FePd37 and FePt34 systems, along with explain-
ing the dependence of the MAE on the long-range atomic order
parameter.35 In addition, the method has also been used with success to
study a number of rare-earth-based systems51,52 and other magnetic
materials.53

C. Computational details

We use the all-electron HUTSEPOT code54 to generate self-
consistent, one-electron potentials within the KKR formulation of
density functional theory (DFT).43,55 We perform spin-polarized,
scalar-relativistic calculations within the atomic sphere approxima-
tion (ASA)56 with an angular momentum cutoff of lmax ¼ 3 for
basis set expansions, a 20� 20� 20 k-point mesh for integrals
over the Brillouin zone, and employ a 24-point semi-circular
Gauss–Legendre grid in the complex plane to integrate over
valence energies. We use the local density approximation (LDA)
and the exchange-correlation functional of Perdew–Wang.57 For all
calculations, we use lattice parameters of a ¼ b ¼ 3:560 Å, and
c ¼ 3:577 Å, obtained in an earlier first-principles study.29 The c=a
ratio is 1.0048, consistent with a very low tetragonality. These
lattice parameters are broadly consistent with both earlier experi-
mental17,33,58,59 and computational8,25,26,28 studies. The conven-
tional simple tetragonal (A6) representation of the L10 unit cell
with a two atom basis is used, as visualized in Fig. 1.

A comment should be made about the suitability of the ASA
as used in this work to study the MAE via calculations of the mag-
netic torque of the FeNi system. The ASA description of the self-
consistent potentials of the KKR-CPA formulation of DFT is
known to be most suitable for description of close-packed
systems.49,60 L10 FeNi, with its underlying face-centered tetragonal
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lattice and a c=a ratio close to unity, can be classified as close-
packed and we therefore believe the ASA to be appropriate. In
addition, the relativistic DLM picture required to study finite-
temperature effects has only been implemented within a spherical
potential approximation, such as the ASA employed in this work.
So-called “full potential” schemes, such as those used in Ref. 28, are
expected to be necessary to accurately describe more complex
crystal structures, especially if the MAE is calculated from direct
energy differences rather than the magnetic torque.

Utilization of the inhomogeneous CPA61,62 allows observation
of the effects of partial atomic order on the predicted MAE. An
order parameter S is defined to describe partial Fe-Ni atomic order
in our configurations, where S ¼ 1 describes a maximally ordered
state, and S ¼ 0 corresponds to a state which is completely disor-
dered and both lattice sites shown in Fig. 1 are equivalent. For the
equiatomic composition, Fe0:5Ni0:5, the concentration of Fe on the
1a (1d) site is given by 0:5þ 0:5S (0:5� 0:5S). For the Fe-rich
composition, Fe0:56Ni0:44, the concentration of Fe on the 1a (1d)
site is given by 0:56þ 0:44S (0:56� 0:44S). The Ni concentrations
can be inferred as the concentrations of Fe and Ni must sum to
unity on all lattice sites.

To compute the MAE of our considered structures, we use the
MARMOT code,45 which solves the single-site scattering problem
on a fully relativistic footing, naturally including spin–orbit effects.
The crystal structure for the MARMOT calculations is the same as
that used for the HUTSEPOT calculations, and the angular
momentum expansion was again truncated at lmax ¼ 3, while the
remaining input parameters were left at the MARMOT default
values. This includes a 240� 40 mesh for angular sampling of the
CPA integral and an adaptive scheme for Brilluoin zone integra-
tions. MARMOT is used for both the zero and finite temperature
calculations.

III. RESULTS

A. Functional form of the anisotropy: K1, K2, and K3

To explore the functional form of the magnetocrystalline
anisotropy, we evaluate the magnetic torque over a range of values
of θ and f and fit the ab initio data to the form given in Eqs. (4)
and (5). Displayed in Table II are our obtained values of K1, K2,
and K3 for Fe0:5Ni0:5 and Fe0:56Ni0:44 at T ¼ 0 K with the perfect
atomic order parameter S ¼ 1:0. Notably K1 is almost four orders
of magnitude larger than K2 and K3. We find similar results for cal-
culations performed on systems with imperfect atomic order and at
finite temperature; K1 is always at least two orders of magnitude
greater than K2 and K3. We note that Ref. 28 found a similar

outcome in their computational study for perfectly ordered (S ¼ 1)
L10 Fe0:5Ni0:5 at T ¼ 0 K; the leading-order anisotropy constant K1

dominated higher-order constants K2 and K3. We are able to
extend this result and find that the dominance of K1 over K2 and
K3 holds for systems modeled with imperfect atomic order and at
finite temperature. This outcome confirms that the MAE values of
ideal single crystals modeled in our calculations are well-described
by the standard formula for a uniaxial ferromagnet and, for the
remainder of this paper, the torque will always be evaluated at the
positions θ ¼ π=4, f ¼ 0 to directly obtain the uniaxial anisotropy
constant K1 ¼ KU .

We calculate K1 for maximally ordered (S=1) L10 Fe0:5Ni0:5 at
T ¼ 0 K to be 0.96MJ m�3, while for Fe0:56Ni0:44 we calculate it to
be 0.61MJ m�3. Our calculated MAE for the equiatomic Fe0:5Ni0:5
composition is broadly consistent with values of 0.23–0.78MJm�3

that were previously obtained using a variety of other computational
techniques.25–31 However, we note that these values appear to be low
in comparison with experimentally determined ones10–19,22,24,33 of
0.2–0.93MJm�3, especially given that these measurements were per-
formed on samples with imperfect atomic order and at room tem-
perature. As noted in the introduction, analysis of the experimental
data8,10,27 has suggested that the magnetocrystalline anisotropy
energy of L10-type FeNi could reach the range of 1.0–1.3MJm�3.
Since ab initio computational estimates of the MAE for L10 transi-
tion metal systems are usually in good agreement with experimental
data and, if anything, tend to overestimate the anisotropy constants,
this computational underestimate stands out.

B. Effects of finite temperature and imperfect atomic
order

To make the comparison between theory and experiment
more direct, we incorporate the effects of temperature and imper-
fect atomic order into the computational modeling. We can thus
simulate the MAE of a single-variant FeNi crystal at room tempera-
ture with the atomic order parameter as furnished in the experi-
mental reports (Table I).

For these finite-temperature calculations, we use the disor-
dered local moment (DLM) description of the magnetocrystalline
anisotropy at finite temperature, as outlined in Sec. II. This method
has been used with fidelity in the past to study other ferromagnetic
L10-structured materials34,37 as well as rare-earth-based permanent
magnets.51,52

Shown in the left panel of Fig. 2 is a plot of K1 for maximally
ordered L10 Fe0:5Ni0:5 as a function of temperature, along with a
plot of the total magnetization, M, of the two-atom unit cell. It can
be seen that, as expected, the anisotropy decreases as temperature
increases, but that the decrease is very gradual, with the anisotropy
energy at T ¼ 300 K computed as 0.889MJ m�3, around 90% of
the T ¼ 0 value. This robust finite-temperature performance is
intriguing; it is clear that the anisotropy energy does not obey a
simple power law (K1 /Mα) as it does in other L10 materials such
as FePt.34 This aspect was studied by Yamashita and Sakuma,63,64

who used an atomistic spin model to find similar unusual finite-
temperature behavior in L10 FeNi.

Proceeding, in the right panel of Fig. 2 is a plot of the same
quantities for the Fe-rich composition in its maximally ordered

TABLE II. Computed values of K1, K2, K3, and KU for Fe0.5Ni0.5 and Fe0.56Ni0.44
with atomic order parameter S = 1 and temperature T = 0 K. It can be seen that K1
is orders of magnitude larger than K2 or K3 for both compositions.

Anisotropy constants (MJ m−3)

Composition K1 K2 K3 KU

Fe0.5Ni0.5 0.9582 −0.0008 0.0001 0.96
Fe0.56Ni0.44 0.6122 −0.0003 0.0006 0.61
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state, with the 1a site having an occupancy of pure Fe, while the 1d
site has occupancy Ni0:88Fe0:12. As we increase the temperature
away from zero, there is a sharp jump in KU and an associated
decrease in M, resulting in a predicted KU value at finite tempera-
ture which is only marginally lower than for the equiatomic com-
position. This sharp increase in KU for the Fe-rich composition is
associated with a rapid magnetic disordering of the excess Fe on
the 1d lattice site in our calculations. This excess Fe, which makes a
significant negative contribution to the total magnetic torque in the
zero-temperature calculations, makes a much smaller contribution
to the torque once it has magnetically disordered, resulting in an
increase in the predicted KU value for this composition. The rapid
magnetic disordering is understood by considering the underlying
face-centered tetragonal lattice. Pure Fe on an fcc lattice with this
lattice spacing exhibits competition between ferromagnetic and
antiferromagnetic ordering,65 and in this system this competition is
manifest by a rapid disordering of the excess Fe on the Ni sites.

Our computed Curie temperature of L10 Fe0:5Ni0:5 is 1025 K,
in reasonable agreement with experimental measurements on the
material that measured a Curie temperature of at least 830 K.8 We
note that our Curie temperature determination is obtained within a
mean-field theory and is, therefore, expected to be an overestimate
of its true value. The Curie temperature of 1220 K obtained by
Yamashita and Sakuma,63,64 using a perturbative approach to treat
spin–orbit coupling, is higher than the value we obtain. For the
Fe-rich composition, a marginally reduced Curie temperature of
935 K is predicted within our model. For both compositions, these
Curie temperatures are theoretical estimates, as the material is
expected to atomically disorder below this temperature.10,66

A comment should also be made about magnetic moments
predicted in our modeling. For reference, we provide the magnetic
moments at T ¼ 0 K for an atomic order parameter of S ¼ 1 for
both of the studied compositions in Table III. The total

magnetization of the system compares well with experimental data,
for example with the magnetization of just over 1.6 μB/atom for an
equiatomic composition measured in Ref. 19.

We now move on to considering the effects of imperfect
atomic ordering on the predicted MAE. In Fig. 3, we show the zero
temperature MAE of both compositions as a function of atomic
long-range order parameter, S. Decreasing atomic long-range order
consistently decreases the calculated MAE for both compositions.
This behavior is expected based on results obtained for other L10
compounds, such as FePt and FePd, from both experimental36 and
computational35 studies. We note that recent work by Izardar and
Ederer,29 which used supercell calculations to represent partially
ordered L10 FeNi structures, concluded that the MAE for S ¼ 0:75
was comparable to that obtained from perfect S ¼ 1:0, with a value
around 0.54MJ m�3. This outcome is contrary to our results which
show a sizeable MAE decrease with decreased atomic order.
However, Izardar et al. utilized only 32 atoms in each supercell—a
relatively small number—and obtained a large spread in calculated
MAE values for the specific supercell configurations used to repre-
sent a particular order parameter.

FIG. 2. Anisotropy constant K1 and magnetization M calculated as a function of temperature for a perfectly ordered crystal of L10 Fe0:5Ni0:5 (left) for a maximally ordered
crystal of L10 Fe0:56Ni0:44 (right). It can be seen that, in both cases, the predicted finite-temperature anisotropy remains high up to and beyond room temperature. Neither
case obeys a simple power law of K1 / Mα . Notably, for the Fe-rich composition, the excess Fe on the Ni sublattice magnetically disorders very rapidly, indicating that the
magnetocrystalline anisotropy of this composition at T ¼ 300 K is actually higher than its zero-temperature value.

TABLE III. Magnetic moments associated with Fe and Ni L10 systems considered
in this work, at T = 0 K and with an atomic order parameter of S = 1. We also give
the total magnetization of the two-atom unit cell. The Fe-rich composition has
excess Fe sitting on the 1d site.

Magnetic moment (μB)

Composition Total Fe (1a) Ni (1d) Fe(1d)

Fe0.5Ni0.5 3.24 2.62 0.62
Fe0.56Ni0.44 3.43 2.60 0.63 2.26
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C. Comparison with experimental data

To make as close as possible a comparison with the existing
experimental data, we now provide results for calculations includ-
ing the effects of both imperfect atomic long-range order and finite
temperature. Visualized in Fig. 4 is a plot of K1 against S at a

simulated temperature of T ¼ 300 K. When the results of the
equiatomic composition, Fe0:5Ni0:5, are considered, it can be seen
that K1 is only fractionally decreased at 300 K compared to its
value at 0 K, lending support for this material’s potential use in
applications with high operating temperatures. For the Fe-rich
composition, there is a marked increase in K1 across the range of S
values compared to the data obtained at T ¼ 0 K, particularly at
larger values of S, where the system is close to being fully atomi-
cally ordered. This increase is associated with the unusual finite-
temperature behavior visualized in the right-hand panel of Fig. 2,
associated with the excess Fe on the 1d lattice site rapidly disorder-
ing with increasing temperature.

We now use the calculated temperature and atomic long-range
order dependence of the MAE to make a direct comparison with
the experimental values for FeNi summarized in Table I.
Considering first the total uniaxial anisotropy, KU , it appears that
the calculated values are significantly lower than the experimental
ones. For example, the experimental determination of Ito et al.22 of
KU ¼ 0:55MJ m�3 for a single-variant thin film of L10 Fe0:5Ni0:5
with S ¼ 0:6 at T ¼ 293 K may be contrasted with our calculated
anisotropy coefficients, for the same conditions, of K1 ¼ 0:3616,
K2 ¼ 0:0005, K3 ¼ �0:0001MJ m�3 that provide a uniaxial anisot-
ropy constant of KU ¼ 0:36MJ m�3, a markedly smaller value.

Table I’s summary of experimental data is obtained from a
variety of sources. We note that not all references disclose the
atomic order parameter S for the sample, making a direct compari-
son with our results challenging. In addition, only two references
by Neél and co-workers10,11 resolve the measured anisotropy, KU

into its separate components, K1, K2, K3, and of these two refer-
ences only one10 provides an atomic long-range order parameter in
addition to the measured anisotropy coefficients.

When we consider the resolution of the total uniaxial anisot-
ropy into its separate coefficients, K1, K2, and K3, the origin of the
discrepancy becomes clear. For example, the experimental value of
K1 ¼ 0:32MJ m�3 reported by Néel and co-workers in Ref. 10 for
a specimen of estimated order parameter S ¼ 0:41–0.45 at
T ¼ 293 K is in close alignment with our results, as shown in
Fig. 4. However, Ref. 10 also reports experimental determinations
of large values of K2 and K3, which we do not find. These large
values are unexpected for a uniaxial ferromagnetic material, an
assessment noted by the authors of the original study. Indeed one
of the authors, Néel, developed a theory to account for the unex-
pectedly large K2 and K3 values in these nanocrystalline
samples.10,11

The picture described by Néel is of a polycrystalline sample
consisting of individual nanocrystals with L10 atomic layering
directions (determining the magnetic easy axis) that are not all
aligned along a common direction. (Note that there are three possi-
ble directional variants of the L10 structure, with layering perpen-
dicular to x̂, ŷ, or ẑ directions.) Néel proposes that these
nanocrystals are smaller than the size of magnetic domains within
the sample, with a suggested nanocrystal size of approximately
150 Å. It is concluded that exchange coupling between nanocrystals
can lead to finite macroscopic values of K2 and K3, even though
individual nanocrystals themselves are assumed to have a negligible
value of these coefficients. It is known that meteoritic tetrataenite
samples have nanoscale structures.41 In addition, laboratory-grown

FIG. 4. MAE as a function of atomic long-range order parameter, S, for L10
Fe–Ni for both both the equatomic and Fe-rich compositions, evaluated at
T ¼ 300 K. As for the calculations at T ¼ 0 K, decreasing atomic order
impacts the predicted anisotropy of the system. The predicted values of K1 for
Fe0:5Ni0:5 are only slightly decreased compared to their value at T ¼ 0 K, while
for the Fe-rich composition the anisotropy at T ¼ 300 K is increased compared
to its zero temperature value, due to the rapid magnetic disordering of the
excess Fe on the Ni sublattice.

FIG. 3. MAE as a function of atomic long-range order parameter, S, for L10
Fe–Ni for both the equatomic and Fe-rich compositions, evaluated at T ¼ 0 K.
For both cases, decreasing long-range order decreases the predicted MAE,
although the drop is sharper for the equiatomic composition than for the Fe-rich
case.
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films often contain step edges, dislocations, and other structural
imperfections, which may lead to similar exchange-coupling mech-
anisms that could impact the measured anisotropy. We emphasise
that these large K2 and K3 values, which are not captured within
first-principles calculations, appear to make a significant contribu-
tion to the total uniaxial anisotropy, KU , of this system.

Néel’s argument is predicated on his assumption that the
application of a magnetic field along the x̂ direction during the
annealing process will favor L10 layering along that same direction.
To quantify this effect, we use our computational formalism for
modeling atomic arrangements in alloys67–69 in which relativistic
effects and, therefore spin–orbit coupling, can be included.34 We
find that, for a sample magnetized along the x̂ direction, the pre-
dicted ordering is indeed an L10-type layering along the x̂ direc-
tion, with an ordering temperature of 508 K. However, the
difference in energy between layering along the x̂ direction and lay-
ering along ŷ or ẑ directions is only 0.7 MJ m�3, comparable to our
calculated magnetocrystalline anisotropy energy constant K1. This
small but detectable difference supports Néel’s hypothesis that
samples annealed with an applied field parallel to the x̂ direction
will produce crystallites with L10 layering along all three crystal
axes, but layering along the x̂ direction will be favored over that
along the other two directions. The hypothesis that an inhomoge-
neous, nanostructured sample can yield unexpectedly large higher-
order anisotropy coefficients is also supported by other authors, for
example, by recent computational work on inhomogeneous FePt
using atomistic spin modeling.70

We suggest, therefore, that more data from both experimental
measurements and computational modeling are required to resolve
this intriguing apparent discrepancy between theory and experi-
ment. It may be that a mechanism, similar to that outlined by Néel,
is unrecognized but at play in a number of the experimental data
sets. Further experimental work that resolves the magnetocrystalline
anisotropy into its separate K1, K2, and K3 components will enable
definitive conclusions to be drawn about this disparity. In addition,
atomistic and micromagnetic modeling are anticipated to provide
further insight into the proposed exchange coupling mechanism
and attendant magnetic properties of the multivariant geometry
described by Néel.

IV. CONCLUSIONS

In summary, we have carried out an ab initio computational
study of the magnetocrystalline anisotropy energy of two L10-type
FeNi compositions, equiatomic Fe0:5Ni0:5 and Fe-rich Fe0:56Ni0:44.
This rare-earth-free compound is of interest as a sustainable
advanced permanent magnet material. We confirm that the
modeled magnetic torque of ideal single crystals is well-described
by the standard formula for a uniaxial ferromagnet, with the
leading-order magnetocrystalline anisotropy energy coefficient K1

dominating the higher-order coefficients K2 and K3. This domi-
nance persists to finite temperature and is also predicted in samples
with imperfect atomic order. Moreover, we find that a significant
MAE persists to high temperatures, affirming this material’s poten-
tial as a useful “gap” magnet.

To compare computational outcomes as faithfully as possible
with experimental ones, we have included the effects of both finite

temperature and imperfect atomic order on the predicted magneto-
crystalline anisotropy. It is confirmed that both increasing tempera-
ture and decreasing atomic order decrease the MAE of this
compound. We have made a detailed comparison of our computed
anisotropy coefficients with those of the experimental literature
and find that our calculated values of K1 appear to be consistent
with the experimental data. However, the experimental reports
from Néel et al.10 and Paulevé et al.11 detail significant K2 and K3

values, which we do not find.
We suggest that the noted discrepancy between computational

and experimental literature values of the uniaxial magnetocrystal-
line anistropy constant KU has its origins in these large K2 and K3

values observed in the early experiments. These values significantly
contribute to the experimentally observed uniaxial magnetocrystal-
line anisotropy constant, KU . It is proposed that these large K2 and
K3 values have their origins in the polycrystalline, multivariant
nature of experimental samples.

Further experimental work should seek to resolve separate
values for K1, K2, and K3 at both very low and at finite tempera-
tures to better understand the magnetocrystalline anisotropy of this
material. Further computational/theoretical work could focus on
micromagnetic or atomistic spin modeling to better understand the
model proposed by Néel10 and its consequences.
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