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Integrated ab initio modelling of atomic
ordering and magnetic anisotropy for
design of FeNi-based magnets

Check for updates

Christopher D. Woodgate 1,2 , Laura H. Lewis3,4 & Julie B. Staunton 1

We describe an integrated modelling approach to accelerate the search for novel, single-phase,
multicomponent materials with high magnetocrystalline anisotropy (MCA). For a given system we
predict the nature of atomic ordering, its dependence on the magnetic state, and then proceed to
describe the consequentMCA,magnetisation, andmagnetic critical temperature (Curie temperature).
Crucially, within our modelling framework, the same ab initio description of a material’s electronic
structure determines all aspects. We demonstrate this holistic method by studying the effects of
alloying additions in FeNi, examining systems with the general stoichiometries Fe4Ni3X and Fe3Ni4X,
for additives includingX = Pt, Pd, Al, andCo. The atomic ordering behaviour predicted on adding these
elements, fundamental for determining amaterial’sMCA, is rich and varied. Equiatomic FeNi has been
reported to require ferromagnetic order to establish the tetragonal L10order suited for significantMCA.
Our results show that when alloying additions are included in this material, annealing in an applied
magnetic field and/or below a material’s Curie temperature may also promote tetragonal order, along
with an appreciable effect on the predicted hard magnetic properties.

Permanent magnets play a crucial role inmodern society, with applications
in electrical power generation and conversion, essential in the global tran-
sition to clean energy. The ‘gold-standard’ of current permanent magnetic
materials are those based on the rare-earth elements, such as Nd2Fe14B

1,2

and SmCo5
3, which have large magnetic energy products and are widely

used in applications4. However, the rare-earth elements are a constrained
resource, with issues around the stability of the supply chain, price volatility,
and the environmental impact of their extraction5–7. There is therefore a
desire to develop new materials which use reduced concentrations of rare-
earth elements, or no rare-earth elements at all. In addition, there is cur-
rently a ‘gap’ in permanent magnet performance between the rare-earth-
based supermagnets and the significantly weaker oxide ferrite magnets8.

Computational modelling approaches have an important role to play
in the process of materials discovery. Not only can they be used to screen
potential compositions to suggest which are stable and have the desired
physical properties for a particular application, but via an ab initio
description of materials’ electronic structure, they also have the potential to
advance fundamental physical understanding of why existing materials
perform the way they do. This insight can facilitate the optimisation of
materials for applications, as well as guide the search for improved com-
positions and processing techniques.

In this work, we demonstrate a new computational technique which
enables holistic assessment of a magnetic alloy’s phase behaviour and
subsequent magnetocrystalline anisotropy (MCA), and is therefore suitable
for the discovery of new magnetic materials. As a case study, we apply the
approach to suggest new alloy compositions for use as advanced permanent
magnets. We begin by describing in detail the binary FeNi system, which is
currently under consideration as a potential ‘gap’magnet9.We then proceed
to consider the addition of a third alloying element, studying systems with
the compositions Fe3Ni4X and Fe4Ni3X. The approach is based on com-
plementary techniques for studying the phase behaviour of multi-
component alloys10–15 and the MCA of (partially) ordered intermetallic
phases16–18. Crucially, both the phase behaviour of a material and its MCA
are examined on the same first-principles footing, enabling us to examine
how the electronic ‘glue’ of an alloy drives atomic ordering and produces
subsequent magnetic properties. This holistic approach is important; it will
always be possible to computationally design metastable structures with
extraordinary magnetic properties, but for any proposed material to be
useful, it must be able to be synthesised in the laboratory.

Ourworkflow forholistically studying thephase stability and subsequent
magnetic properties of a givenalloy composition, illustrated inFig. 1, proceeds
as follows. First, using the Korringa–Kohn–Rostoker (KKR)19 formulation of
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density functional theory (DFT)20, we generate the self-consistent potentials
and associated electron density of the disordered alloy—the solid solution—
where averaging over substitutional atomic disorder is performed using the
coherent potential approximation (CPA)21. Then, using the S(2) theory for
multicomponent alloys10–15, we perform a linear response analysis to rigor-
ously calculate the two-point correlation function, an atomic short-range
order (ASRO) parameter, ab initio. From this linear-response calculation, we
can infer (partial) chemical orderings directly using a concentration wave
analysis22, or instead fit to a pairwise Hamiltonian describing the internal
energy of the alloy that is suitable for atomisticmodelling.Once the (partially)
ordered phase of interest has been established, we are able to use aDFT-based
description of the magnetic torque at both zero and finite temperature to
assess the system’s MCA and magnetic critical (Curie) temperature16–18.

Before presenting the case study of ordered FeNi, it is worth discussing
the desirable intrinsic physical properties a material must possess to be
suitable for advanced permanent magnetic applications. Putting aside the
consideration of shape anisotropy, used to producemagnets such as those of
the Alnico family23, there are three intrinsic physical quantities which
determine amaterial’s suitability for use as an advanced permanentmagnet.
First is the Curie temperature, TC, the temperature below which sponta-
neous magnetisation occurs even in the absence of an applied magnetic
field24. Second is the saturation magnetisation, MS, which is the material’s
magnetic polarization when fully magnetised25. Third is its MCA, which
measures the energetic cost of rotating the magnetisation vector, M, away
from the material’s energetically favourable ‘easy axis’ established at the
atomic level by spin-orbit coupling and crystal symmetry considerations26.
The MCA can be related to a material’s coercivity, an extrinsic, structure-
sensitive property that is a measure of the energetic cost of demagnetising
the material27. In turn, the coercivity leads to a figure of merit known as the
‘maximumenergyproduct’which canbeused to quantitatively compare the
performance different permanent magnets at a given temperature27.

Ideally, a permanent magnet will have a high Curie temperature, well
above its desired operating temperature, to ensure that its magnetisation
remains large during operation. Inevitably, this means that 3d transition
metals must be incorporated, such as Fe or Co, which have high elemental
Curie temperatures of 1043 and 1388 K, respectively28.While it is the highly
localised f electrons of elements such as Nd and Sm which give rise to the
extraordinary magnetic energy products of the rare-earth supermagnets29,
all use significant quantities of Fe or Co in their compositions. This is
because these transition metals often stabilise magnetic order at high tem-
peratures and can thereforeplay a crucial role indeterminingmaterials’hard
magnetic properties during operation30. Similarly, a good permanent
magnet will have a large saturationmagnetisation, which again requires the
use of 3d elements such as Fe and Co in any candidate composition.

The MCA of a material is determined by a material’s crystal structure
and the associated local crystallographic environment around magnetic
moments. Permanent magnets generally possess a uniaxial crystal
structure27, typically tetragonal or hexagonal. These uniaxial crystal

structures give rise to uniaxial MCA, K, to leading order, of the form26

K ¼ K1sin
2θ ð1Þ

where θ describes the angle of rotation of the magnetisation away from the
easy crystal axis, and K1 is the MCA constant. In conjunction with a large
saturation magnetisation, MS, a value of K1 larger than ~1MJm−3, is con-
sidered to be necessary for amaterial to be of use as a permanentmagnet for
advanced applications8.

In summary, in the search for novel permanent magnets for applica-
tions it is necessary to search for a stable intermetallic compound with a
uniaxial crystal structure (and associated uniaxial MCA), a high Curie
temperature, and high saturationmagnetisation. In addition, with regard to
the aforementioned economic and environmental considerations, compo-
sitions should be pursued that use reduced concentrations of constrained
elements such as Nd, Sm, and Co, as well as noble metals.

A class ofmaterials which fulfill all of the above requirements are those
intermetallic compounds forming on the face-centred cubic (fcc) lattice and
crystallising in the L10 structure, visualised in Fig. 2. This family includes
materials already experimentally verified to have superb magnetic proper-
ties, such as FePt16,31, FePd18,32, and CoPt33,34, but also includes materials
consisting entirely of comparatively cheap, earth-abundant elements such as
MnAl35,36 and FeNi9,37,38. In the present work, as a demonstration of our
modelling approach, we will focus on the last of these materials, L10 FeNi.

Although L10 FeNi (the meteoritic mineral tetrataenite) does not have
a theoretically predicted maximum energy product as large as those of the
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Fig. 1 | Visualisation of the workflow used in this paper for holistically assessing the phase behaviour and subsequent magnetic properties of a given alloy composition.

Fig. 2 | Visualisation of L10 ordered structure imposed on the face-centred cubic
lattice.The conventional simple tetragonal (st) cell is indicated by dashed black lines
and contains two non-equivalent sites withWyckoff labels 1a and 1d. The 1a sites are
at the corners of the cell, while the 1d site is at the centre. This st unit cell has lattice
parameters c0 ¼ a, a0 ¼ b0 ¼ a=

ffiffiffi
2

p
, where a is the conventional fcc lattice para-

meter. The simple tetragonal representation, with its minimal two-atom basis and a
cell elongated in the ẑ direction than in makes the origin of a uniaxial anisotropy in
L10 materials clear.
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rare-earth supermagnets9, the relative abundance and availability of its
constituent elements, in conjunction with its anticipated production based
onprinciples used in steel processing,mean that its environmental footprint
could be significantly lower than for rare-earth-basedmagnets. In addition,
while there remainmanyopenquestions concerning tetrataenite’s predicted
maximum energy product, it is projected to be higher than those of weak
magneticmaterials such asAlnico and the oxide ferritemagnets9,38. As such,
tetrataenite may be poised to fill the current gap in permanent magnetic
performance and accessibility.

However, L10 FeNi proves to be extremely challenging to synthesise in a
laboratory setting. Although the L10 phase is reported to be stable at typical
operating temperatures for applications39, its formation is restricted by a low
atomic ordering temperature and consequently sluggish kinetics37,40. As a
result, the fcc solid solution (Strukturbericht designation A1) is retained to
room temperature, only ordering very slowly under conventional processing
techniques. Typically, bulk samples observed experimentally either come
frommeteorites41,whichhave cooled slowly over aperiodofmillionsof years;
have had their atomicmobility improved during the annealingprocess e.g. by
bombardment with high-energy neutrons37,40; or have had their structure
modified to foster faster diffusion, e.g. through severe plastic deformation42.

Results
FeNi
Webegin our case study by examining the phase behaviour andMCAof the
equiatomic binary system, FeNi. Using the all-electronHUTSEPOT code43,
we perform self-consistent calculations within the KKR formulation19 of

DFT20, using theCPA21 to average over disorder. This allows us tomodel the
electronic structure of the disordered fcc (A1) phase in both its para-
magnetic and ferromagnetic states.

Figure 3 shows the total and species-resolved density of states for the
A1 phase in both its paramagnetic and ferromagnetic states, where the
paramagnetic state ismodellingwithin the disordered localmoment (DLM)
picture44–46. The broken magnetic symmetry in the ferromagnetic state can
most clearly be seen to differentiate the bonding contributions from
majority and minority spin electrons, owing to the different exchange
splitting of d-states associated with Fe and Ni. This response is expected to
significantly alter both the nature of predicted atomic ordering in the system
and the temperature at which this ordering emerges.

Again using the DLM picture of magnetism at finite temperature as
implementedwithin theMARMOTpackage47 anddescribed in Section IVE,
we are able to estimate the magnetic critical temperature (i.e. Curie tem-
perature) of the disordered solid solution. Above the magnetic critical
temperature, the material is paramagnetic, while below it, it is magnetically
ordered—ferromagnetic in the case of FeNi. For the atomically disordered,
A1 FeNi solid solution, the calculated magnetic critical temperature is
TC = 684 K. When the Weiss fields48, discussed in Section IVE, are con-
sidered, the normalised eigenvector associatedwith themagnetic ordering is
(hFe, hNi) = (0.801, 0.598), indicating that Fe and Ni moments couple fer-
romagnetically, and that the magnetic ordering is driven primarily by Fe.

We thenuse our linear response theory to assess thephase behaviour of
this system in both its paramagnetic and ferromagnetic states. The S(2)

theory formulticomponent alloys10–15 has previously beenusedwith success
to study atomic arrangements in the Cantor alloy—CrMnFeCoNi—and its
derivatives11, the refractory high-entropy alloys12,14, and to examine the
impact of magnetic ordering on atomic arrangements13. The theory works
with partial atomic occupancies of lattice sites, {ciα}. For example, for the
binary FeNi solid solution, for each site i in the underlying fcc lattice,
ciα = 0.5 for bothα = 1 (Fe) andα = 2 (Ni).The theory thenuses the language
of concentration waves22 to describe ordered structures, writing

ciα ¼ cα þ
X
k

eik�RiΔcαðkÞ: ð2Þ

The overall (average) concentration is represented by cα, while an applied
chemical fluctuation (concentration wave) is denoted Δcα(k). For example,
the L10 structure is specified by k = (0, 0, 1), in units of 2πa , andΔc1(2) =+(−)
0.5 describing alternating layers of Fe and Ni atoms. (For clarity, when
tabulating results, we choose to normalise the chemical fluctuation, writing
Δα =Δcα/∥Δcα∥, as this allows the relative size of fluctuations to be objec-
tively compared). The analysis of the alloy’s phase stability then proceeds by
performing a Landau-type series expansion of the free energy of the system,
allowing the energetic cost of various imposed chemical fluctuations to be
assessed. This Landau-type theory allows us to infer the highest temperature
Tord at which, for some kord, there is a chemical fluctuationΔcα that renders
the solid solution unstable, resulting in a chemical ordering. Crucially, the
chemical polarisation11, Δcα, informs us how the chemical species partition
themselves onto the various sublattices of the predicted ordered structure.
The S(2) theory is fully first-principled, and leads to a linear response
calculation based on the self-consistent one-electron potentials generated
usingHUTSEPOT to infer chemical ordering. These potentials can be non-
magnetic12,14, ferromagnetic13, or paramagnetic11, as appropriate to the
system considered.

Predicted ordering temperatures, wavevectors, and chemical polar-
isations for FeNi are tabulated in Table 1. Notably, L10 ordering, char-
acterised by thewavevector kord = (0, 0, 1), is only predicted whenwemodel
the material when it is in its ferromagnetic state, reflective of the electronic
structure of the material below its Curie temperature. The predicted
ordering temperature is 507 K, which compares reasonably well with other
theoretical49–53 estimates and experimental37 determinations. These results
are highly significant; they suggest that any materials processing aiming to
synthesise the L10 form of FeNi must be carried out below its Curie

Fig. 3 | Species-resolved density of states for disordered (A1) FeNi in its para-
magnetic (upper panel) and ferromagnetic (lower panel) states.The paramagnetic
state is modelled within the disordered local moment (DLM) picture. The total DoS
curve is given by the average of the species-resolved curves, weighted by their
concentrations. For the ferromagnetic state, the upper half of the plot represents the
majority-spin DoS, while the bottom half represents the DoS in the minority spin
channel.Magnetic order can be seen to clearly alter the nature of the contributions to
the total DoS from both Fe and Ni, owing to the significant difference in exchange
splitting of Fe and Ni d-states. For this atomically disordered A1 phase in the
ferromagnetic state, themagneticmoments associatedwith Fe andNi are 2.53 μB and
0.69 μB, respectively. The Curie temperature of A1 FeNi is calculated to be
TC = 684 K.
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temperature. It may also be possible that heat treatment of the sample in an
applied magnetic field will promote chemical ordering, as applying a
magnetic field could induce a (small) spin polarisation to the system13.

We emphasise that, both for this binary system and the multi-
component systems to follow, the difference in predicted ordered structures
and ordering temperatures for difference magnetic states have their origins
in the fundamental differences in electronic structure between systems
simulated in a paramagnetic state compared to a magnetically ordered one.
This is illustrated for the binary FeNi system in Fig. 3.

In addition to the above linear response analysis of the phase stability,
the S(2) theory also enables extraction of lattice-based atom-atom interaction
energies for further atomistic modelling of the phase behaviour of a system.
This approach is based ondiscrete site occupancies, {ξiα}, where ξiα = 1 if site
i is occupied by an atom of species α, and ξiα = 0 otherwise. The internal
energy of the system is described by the conventional Bragg–Williams
Hamiltonian54,55, which takes the form

HðfξiαgÞ ¼
1
2

X
iα;jα0

Viα;jα0ξiαξjα0 : ð3Þ

The phase behaviour of the system can then be simulated using sampling
methods such as the Metropolis Monte Carlo algorithm56.

For FeNi, our computed atom-atom interaction energies are tabulated
in Supplementary Table 4. Using these interactions, we perform simulated
annealing on an ensemble of 10 simulations of systems of 2048 atoms with
periodic boundary conditions applied, and using atomic swaps rather than
substitutions to conserve the overall concentration of each species56. To
assess the nature of atomic ordering in the system, we use conditional
probabilities averaged over configurations, denoted Ppq

n , representing the
probability of species p being an nth nearest neighbour of species q. These
parameters therefore represent ASRO parameters. Using the fluctuation-
dissipation theorem, it is also possible to estimate the specific heat capacity
(SHC) of the simulated system56, which helps to identify the temperature at
which phase transitions occur.

Visualised in Fig. 4 are ourASROparameters and SHCdeterminations
as a function of temperature for FeNi in its ferromagnetic state. The A1-L10
phase transition is characterised by PFe�Ni

1 ¼ 1=3, and PFe�Ni
2 ¼ 0, which

occurs a little below 500 K in our simulations, consistent with the result
obtained from the linear response analysis, and confirms theL10 structure as
the ground state of the system.

There are a variety of studies reporting contrasting results concerning
the significance of vibrational effectswhen studying the L10 atomic ordering
in FeNi. Some studies have chosen to neglect these effects entirely51, while
others have included them in variety of (approximate) ways. Using the
cluster variation method, Mohri et al.57 predicted an L10 ordering tem-
perature of 523 Kwithout vibrational effects and 483 Kwith them included,
a modest reduction of only 40 K. In contrast, a study by Bonny et al.58

employing an embedded atom model potential found an L10 ordering
temperature of 1800 K (comparable to the experimental melting tempera-
ture of the alloy) without vibrational effects included, and 990 K when they

were included, a reduction of 810 K. In between these two extremes lie
estimates from a number of other works, including the reduction of 480 K
(from 1040 K to 560 K) predicted by Tian et al.49 using the exact muffin-tin
orbital (EMTO) method, the reduction of 280 K (from 920 K to 640 K)
predicted by Li and Fu59 in study using the projector augmented wave
(PAW)method, and the reduction of 85 K (from 635 K to 550 K) predicted
in a recent study by Ruban60 using the screened generalised perturbation
method (GPM).

Within the modelling approach discussed in this paper, it is not
possible to directly include these effects in our lattice-based atomistic
modelling. However, for the L10 ordering predicted for FeNi in its
ferromagnetic state, we can estimate the importance of vibrational
effects on the ordering by including a vibrational term in our expression
for the system’s free energy. We employ a Debye treatment of the
vibrating lattice as originally proposed by Moruzzi, Janak, and
Schwarz61 to estimate the energy, entropy, and consequent free energy
associated with vibrational contributions, which requires an estimate of
the Debye temperature of both phases. Details of this calculation are
discussed in Section IVG. For the atomically ordered L10 phase, we
obtain a bulk modulus of 189.7 GPa, and an associated Debye tem-
perature of 493 K. For the disordered fcc (A1) phase, we obtain a bulk
modulus of 180.2 GPa, and an associated Debye temperature of 430 K.
These results confirm the findings of Tian et al.49 that the L10 phase is
elastically stiffer than the disordered (A1) phase. Using our values for
the Debye temperatures of the two phases in our expression for the
vibrational free energy, we find that our L10 ordering temperature is
reduced from 508 K to 459 K, a reduction of 49 K. If we use the Debye
temperatures of Tian et al., the reduction is 59 K, from 508 K to 449 K.

We conclude that vibrational effects do play a role in determining
atomic ordering tendencies in Fe–Ni alloys, but that reductions in predicted
ordering temperatures are likely to be modest. For the remainder of this
work, we choose not to include these effects, but we stress that our predicted
ordering temperatures may overestimate those that would be predicted if
vibrational effects were fully included.

Given a predicted atomically ordered structure, such as L10 FeNi, we
use the same first-principles-based framework to describe its magnetic
characteristics and, therefore, suitability for applications. Within our fra-
mework, we generate new HUTSEPOT43 potentials for the predicted
(partially) ordered phases and then use the MARMOT47 code to calculate
the phases’ magnetic properties16. Our S(2) theory is based on the same
underlying formulation of DFT as is used in MARMOT, and therefore we
have an integrated description of the electrons driving both chemical
ordering and producing the magnetic properties.

Fig. 4 | Atomic order parameters (Ppq
n ) and specific heat capacity (C) as a function

of temperature from lattice-based Monte Carlo simulations for the FeNi system
modelled in its ferromagnetic (FM) state.The phase transition just below 500 K is a
transition from the atomically disordered fcc (A1) phase to the atomically ordered
L10 phase.

Table 1 | Comparison of the predicted atomic ordering
temperatures and concentration wavemodes for FeNi in both
its paramagnetic and ferromagnetic states

Magnetic state Tord (K) kord Δ Fe Δ Ni

Paramagnetic 175 (0,
0.675, 0.675)

0.707 −0.707

Ferromagnetic 507 (0, 0, 1) 0.707 −0.707

Note that we choose to normalise the chemical fluctuation, writing we choose to normalise the
chemical fluctuation, writing Δα = Δcα/∥Δcα∥. The paramagnetic state is modelled within the DLM
picture. It is only when the ferromagnetic state is modelled that an L10 ordering (indicated by
kord = (0, 0, 1)) is predicted. This suggests that any materials processing aiming to achieve L10
atomic ordering needs to be performed when the material is below its Curie temperature.
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We calculate the MCA for perfect L10 FeNi at zero-temperature using
the same lattice parameters as was employed for the linear response cal-
culation (c/a = 1) to be K1 = 0.94MJm−3. Experimental estimates37,40,41,62–69

have put the MCA of this material in the region 0.2–0.93MJm−3, while
previous theoretical calculations38,39,51,70–76 have obtained values in the range
0.34–0.96MJm−3. Ourmagnetisation ofM = 1.66 μB/atom is also consistent
with earlier theoretical38,75,76 and experimental68 studies.

Our theoretical Curie temperature for the L10 phase of FeNi is 1051 K,
again consistent with earlier computational studies38,75,76. As for the atom-
ically disordered A1 phase, this ferromagnetic ordering in the L10 phase is
driven by Fe. Considering theWeiss fields (discussed in Section IVE) for the
L10 phase, the normalised eigenvector associated with the magnetic
ordering is (hFe, hNi) = (0.871, 0.491), confirming that Fe and Ni moments
couple ferromagnetically, and that the magnetic ordering is driven
primarily by Fe.

The increased Curie temperature for the atomically ordered L10 phase
(TC = 1051 K) compared to the atomically disordered A1 phase
(TC = 684 K) is understood to have its origins in the competing magnetic
orderings exhibited by Fe constrained to the fcc lattice77. In particular, the
reduced Curie temperature related to the number of Fe–Fe nearest neigh-
bour pairs in the A1 phase compared to the L10 phase. In the L10 phase
(assuming c/a = 1) each Fe atom ‘sees’ four Fe atoms an eight Ni atoms at
nearest-neighbour distance. But, in the atomically disordered, A1 phase,
there are an average of six Fe atoms and six Ni atoms at nearest-neighbour
distance. In our modelling, the increased number of Fe–Fe nearest neigh-
bourpairs in theA1phase compared to theL10phase appears to be themain
driver in the reduction of the magnetic critical temperature.

We take the above results, and their agreement with existing literature,
as verification that our treatment models the L10 FeNi system successfully.

Fe4Ni3Pt
To promote atomic ordering and enhance MCA in this class of materials,
one approach to consider is the addition of a third alloying element78. As an
illustrative example of the effects of such alloying additions on atomic
arrangements in thismaterial, we consider the addition of a small amount of
Pt to the (Fe,Ni) solid solution. Although Pt is unlikely to ever find its way
into a mass-produced magnet on account of its high cost and low abun-
dance, it is known that thebinaryFePt systemreadily crystallises into theL10
structure with an atomic ordering temperature of around 1600 K79. In
addition, the L10 phase of FePt is known to have a large MCA energy
(K1≃ 15MJm−3) attributed to theheavy5dPt atomsdriving large spin-orbit
coupling16. Our expectation is that the addition of Pt to FeNi to form
Fe(Ni,Pt) could yield an energetically stable intermetallic phase with MCA
between that of FeNi and FePt. As a demonstration, we consider the sub-
stitution of Pt at a concentration of 12.5%, i.e. studying a system with the
overall composition Fe4Ni3Pt. The Curie temperature of the A1 Fe4Ni3Pt
solid solution is calculated to be TC = 715 K, and its average magnetisation
M = 1.61 μB/atom.

First, in a naive calculation, we calculate theMCAof an ordered phase
of this systemassuming that Pt exclusively occupies sites on theNi sublattice
in the L10 structure. That is, the 1a site is occupied by pure Fe, while the 1d
site has chemical occupancy Ni0.75Pt0.25. Under this assumption, a MCA of
K1 = 3.44MJm−3 is computed, a value significantly larger than that for

obtained pure L10 FeNi. We also compute a Curie temperature for this
ordered phase of TC = 1034K, comparable to that of L10 FeNi. However,
these calculations do not account for the phase stability of the compound.
To assess the likelihood of formation of the ordered phase, we again apply
the S(2) theory for multicomponent alloys10–15 to this composition.

Tabulated in Table 2 are predicted atomic ordering temperatures,
concentration wavevectors, and chemical polarisations for Fe4Ni3Pt in both
its paramagnetic and ferromagnetic states. In contrast to results obtained for
pure FeNi, the wavevector associated with ordering of the Pt-modified
composition is found to be kord = (0, 0, 1) in both magnetic states. The
predicted atomic ordering temperatures are likewise similar, initially sug-
gesting that the magnetic state of the disordered phase might not be as
critical to the onset of atomic ordering in the Pt-modified material as in the
binary FeNi. However, when the chemical polarisation of the concentration
wave is inspected, it can be seen that both the paramagnetic and ferro-
magnetic orderings are characterised by the arrangements of the Pt atoms,
with Fe and Ni distributions largely unaffected and remaining disordered.
We associate this dominance with the relative atomic size difference
between the 3d elements Fe and Ni, and the larger 5d element Pt, an effect
which has been noted in alloys such as the Ni-Pt system.

From this linear response calculation, we infer an L10 ordering in both
ferromagnetic and paramagnetic states, and at higher temperatures than for
the FeNi binary. To predict the (partial) atomic site occupancies, we take the
chemical polarisation of the concentration wave and allow this concentra-
tion wave to ‘grow’ until (at least) one chemical species has an associated
lattice site occupancy of zero, this being the most atomically ordered
structure consistent with the concentration wave. For the atomic ordering
predicted for the paramagnetic solid solution, the 1a site occupancy is given
by Fe0.614Ni0.386, while the 1d site occupancy is given by Fe0.386Ni0.364Pt0.25
(See Fig. 2 for reference). The computed Curie temperature for this ordered
state is TC = 703K, while the MCA for the alloy is quenched to low tem-
peratures isK1 = 0.96MJm−3, a value that is only fractionally larger than that
of pure FeNi. However, for the solid solution in a ferromagnetic state, the
predicted atomic ordering better separates Fe and Ni, with the 1a site
occupancy for this condition as Fe0.678Ni0.322 and the 1d site occupancy as
Fe0.322Ni0.428Pt0.25. The computedMCA is now higher, atK1 = 1.22MJm−3,
a value that is larger than the predicted MCA for maximally ordered,
unmodified L10 FeNi. The computed Curie temperature is also slightly
increased, and predicted to be TC = 719 K.

In a multicomponent alloy system such as the Fe4Ni3Pt composition,
the linear response calculationmay not convey a full picture of the nature of
atomic order in the system. However, we are able to recover a simple
pairwise atomistic model from it and perform further Monte Carlo simu-
lations to better understand the nature of the atomic arrangements
(See Fig. 1 for an overview of the workflow). Visualised in Fig. 5 are atomic
radial distribution probabilities and a measure of the configurational con-
tribution to the SHC of the system. It can be seen that there are in fact three
distinct crystallographic orderings which can occur. The first ordering, at
relatively high temperature, is cubic and Pt-driven—it represents Pt occu-
pying the corners of the parent fcc lattice, with Ni and Fe arranged in a
disorderedmanner. The secondordering is alsoPt-driven, and represents Pt
expelling other Pt atoms to third-nearest neighbour occupancies. Finally,
the last ordering is an tetragonal ordering of the Fe and Ni atoms, with Pt
atoms unaffected.

The structure of lowest energy for this atomistic model of Fe4Ni3Pt is
visualised in Fig. 6. It has a clear, uniaxial crystal structure, and consists of
alternating layers of Fe and ordered Ni–Pt. The computed MCA of this
ordered intermetallic phase is K1 = 2.88MJm−3, approximately three times
that of equiatomic FeNi. However, within our modelling framework this
ground-state structure only becomes thermodynamically stable at low
temperatures, suggesting it will be challenging to synthesise it in the
laboratory. This low atomic ordering temperature is associated with an
increased configurational entropy contribution for a three-component
systemover that donated by a binary composition, an aspectwhichwill tend
to drive down atomic ordering temperatures. In addition, in our

Table 2 | Comparison of the predicted atomic ordering
temperatures and concentration wave modes for Fe4Ni3Pt in
both its paramagnetic and ferromagnetic states

Magnetic state Tord (K) kord Δ Fe Δ Ni Δ Pt

Paramagnetic 794 (0, 0, 1) 0.672 0.065 −0.737

Ferromagnetic 1163 (0, 0, 1) 0.795 −0.237 −0.558

The paramagnetic state ismodelledwithin the DLMpicture. Both orderings are dominated by Pt, on
account of the relative atomic size difference between it and the smaller 3d elements Fe and Ni,
however there is better distinguishment between Fe and Ni in the ferromagnetic state.
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simulations, ordering between Pt and other elements at higher temperature
‘lock’ the Pt atoms to particular lattice sites at relatively high temperatures,
limiting the availability of lattice sites that allow Fe and Ni to freely inter-
change positions and therefore inhibiting atomic ordering.

These results, therefore, present amixed picture. On one hand, adding
Pt to the FeNi base composition clearly has the potential to produce a phase
with a ground state configuration possessing a high MCA that is sig-
nificantly higher than that of binary FeNi. However, the increased config-
urational entropy and inhibited transformational pathways of the Pt-
modified compositon mean that this ground state configuration is only
stable at low temperatures with concomitant synthesis challenges.

Fe4Ni3X, X = Al, Co, Pd, Mo, Cr
Building off of the previous example of (FeNi)Pt, to demonstrate the efficacy
of our approach for searching for ordered, intermetallic phases with large
predictedMCAenergies, and to examinewhether alloying provides a viable,
cost-effective route for producing atomically ordered L10 FeNi in the
laboratory, we consider five more alloying additions, added individually to
the FeNi lattice: X =Al, Co, Pd, Mo, Cr. Al is chosen as a light-abundant
element known to form intermetallic phases with both Fe and Ni80. Co is
chosen as it is known to provide a higher Curie temperature than Fe28,
potentially leading to improved magnetic properties. Pd, with an

isoelectronic valence structure to Pt81, is chosen for comparison with the
earlier results. Finally, Cr and Mo are chosen as early transition metals, to
examine whether the early 3d transition metals will have an impact on
atomic ordering. The calculatedmagnetisation values and magnetic critical
temperatures for the A1 solid solution for each of these compositions are
given in Table 3, while results describing compositional ordering and hard
magnetic properties are given in Table 4.

Once again, we begin our analysis by calculating an ‘ideal’ MCA,
assuming that the elemental addition substitutesonly on theNi sites. Results
of these calculations are denoted ‘ideal’ in Table 4. Intriguingly, the addition
of Co results in a notable decrease inMCA compared to that of binary FeNi.
This outcome is associated with the Co on the Ni sublattice making a
negative contribution to the total magnetic torque in our calculations. The
additives Cr, Al, and Mo look promising, as the addition of any of these
elements to the Ni sublattice increases the MCA that is predicted by our
calculations. It therefore appears that the addition of these elements alters
the electronic structure of the material in such a way as to enhance the
predicted MCA. This phenomenon has been noted before in other com-
putational studies, e.g. in a study of general Fe–Ni–Al systems80. Once again,
though, we stress that these calculations represent an idealised picture, and
the thermodynamic stability of a given phase must be assessed before
drawing conclusions as to its suitability as a gap permanent magnet.

To this end, results of the chemical stability analysis for the system
Fe4Ni3X, for the considered additions,X =Al, Co, Pd,Mo, Cr, are tabulated
in 4. The chemical stability analysis is always performed for the system
modelled in both its paramagnetic and ferromagnetic states, to assess the
degree to which chemical order is coupled to the magnetic state. Where an
L10 ordering is inferred, indicated by kord = (0, 0, 1), the maximally ordered
L10 structure that is consistent with this type of ordering is derived, and
subsequently its MCA is calculated. Our results for predicted chemical
ordering demonstrate that the assumption that the additive will substitute
for Ni is flawed; our inferred chemical ordering never leads to a perfect L10-
like structure and, therefore, the anisotropy is always reduced compared to
that obtained from the ‘ideal’ lattice structure. This result demonstrates that
it is crucial to simultaneously examine the phase behaviour of a candidate
material and quantify its magnetic properties, to ensure that any proposed
intermetallic phase will be thermodynamically stable, and thus realizable.

The computed outcomesprovided inTable 4 are examined one by one.
Considering first the results for the addition of Al, we see that, for both the
paramagnetic and ferromagnetic cases, the concentration wavevector
characterising predicted ordering is not commensurate with a simple
ordered structure. This outcome is attributed to competing Ni–Al and
Fe–Al interactions. This reasoning is supportedby experimentalfinding: the
Ni–Al systemhas a strong tendency to forman intermetallic phaseon the fcc
lattice82, while the Fe–Al system forms on a bcc lattice83. In ourMonte Carlo
simulations, the results of which are visualised in Supplementary Fig. 6, the
(FeNi)Al system tends to phase segregate into Al-rich and Al-deficient
regions. Next considering the results for Cr and Co additions, in both cases
an L10 ordering is predicted only in the case of the system being in the

Fig. 6 | The predicted ground state of Fe4Ni3Pt—a tetragonal, atomically ordered,
intermetallic phase. The conventional, cubic unit cell of the underlying fcc lattice is
marked with black, dashed lines. The MCA of this ordered phase is predicted to be
K1 = 2.88MJm−3, approximately three times that of L10 FeNi. Its average magneti-
sation is M = 1.64 μB/atom, and its predicted Curie temperature is TC = 985 K.

Table 3 | Averagemagnetisations (M) and calculatedmagnetic
critical temperatures (TC) for the atomically disordered,
A1 solid solutions with compositions of the form Fe4Ni3X

Composition M (μB/atom) TC (K)

FeNi 1.61 684

Fe4Ni3Al 1.32 551

Fe4Ni3Cr 1.08 375

Fe4Ni3Co 1.73 835

Fe4Ni3Mo 1.24 309

Fe4Ni3Pd 1.61 755

Fe4Ni3Pt 1.61 715

Al, Cr, andMo are all detrimental to themagnetisation andmagnetic critical temperature of the solid
solution.

Fig. 5 | Atomic order parameters (Ppq
n ) and specific heat capacity (C) as a function

of temperature from lattice-based Monte Carlo simulations for the Fe4Ni3Pt
system modelled in its ferromagnetic (FM) state. There are three predicted phase
transitions, indicated by the three peaks in the specific heat capacity, with the tet-
ragonal Fe–Ni ordering occurring at the lowest temperature.
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magnetically ordered state while, in contrast, L10 ordering is not predicted
for the paramagnetic state. For Mo additions, L10 ordering is not predicted
in either magnetic state. Finally, the results for Pd additions are comparable
with those for the additionofPt, although theordering temperatures and the
MCA values are notably reduced. The decreased ordering temperature is
associated with a reduced difference in atomic radius between chemical
species, in turn reducing chemical ordering tendencies.The reducedMCA is
associated with a reduced spin-orbit coupling in the system, associatedwith
the smaller mass of the Pd ions compared to Pt ions.

We note that our prediction that the addition of Cr, and Co (modelled
in the ferromagnetic state) increase the predicted ordering temperature in
an Fe-rich system is in reasonable agreement with ref. 78. However, our
predicted increased ordering temperature upon the addition of Al is in
disagreement; ref. 78 predicts a decreased ordering temperature except at
very low Al concentrations. We suggest that this discrepancy has its origins
in the differences between our modelling approach and that used in ref. 78.
These authors model a system where additives are fixed and distributed
homogeneously across all lattice sites, while Fe and Ni atoms are allowed to
order. This is different to our approach, where we allow all partial lattice site
occupancies to vary according to the thermodynamics.

Fe3Ni4X, X = Al, Co, Pd, Mo, Cr
The above results consider the casewherewe replace a small amount ofNi in
the composition with an additive, X. This reasoning for this is that, as
outlined in Section I, it is necessary that any candidate permanent magnet
have a largemagnetisation at room temperature to ensure a sufficiently large
magnetic energy product. However, it may be the case that substituting the
additive for Fe may promote stronger ordering tendencies. To address this
aspect, we now consider compositions of the form Fe3Ni4X. The calculated
magnetisation values and magnetic critical temperatures for the A1 solid
solution for each of these compositions are given in Table 5, while results
describing compositional ordering and hard magnetic properties are given
in Table 6.

As expected, for the ordered phases, we see that magnetisation values
are typically reduced for compositions of the form Fe3Ni4X compared to
those of the form Fe4Ni3X. This is because Fe has a substantially larger
magnetic moment associated with it than Ni (For example, in L10 FeNi, we

find that the moment associated with Fe is 2.66 μB, while the moment
associated with Ni is 0.65 μB). We note that our calculated ‘ideal’ aniso-
tropies, i.e. thosewherewefix one sublattice to be purely occupied byNi and
the other is given occupancy Fe0.75X0.25, are altered compared to the results
of Table 4. For example, for X = Cr, Pt, our predicted value of K1 is sub-
stantially reduced, while for X = Co, it is significantly enhanced. These
findings therefore emphasise the strong connection between atomic
arrangements and magnetic properties in this class of system.

When the ‘holistic’ results are considered, we find that our predicted
orderings for the Ni-rich compositions are broadly consistent with those
obtained for the Fe-rich compositions above, with the exceptions being the
additions of Al, Co, and Pd when these additives are modelled with the
system in a paramagnetic state. For the addition of Pd, the calculation
suggests layering of Ni with disordered Fe–Pd. However, the predicted
ordering temperature (373 K) is still too low to be of experimental interest.
For the addition of Co, we predict a marginally different ordering than for
the Fe-rich composition but, again, at such a low temperature that it is not of
interest. Finally, for the addition ofAl, we nowhave awavevector classifying
orderingofkord = (0, 0, 1).However, this ordering is dominatedbyNi andAl
and, as for our earlier results, we attribute this to the fact that the Ni–Al
system has a strong tendency to form an intermetallic phase on the fcc
lattice82. That the addition of Co increases the atomic ordering temperature
(in the ferromagnetic case) is in alignment with ref. 78, but these authors
report that Cr andAl decrease their predicted atomic ordering temperature,
a result that differs from ours. As for the Fe-rich results, we emphasise that
thesedifferences can, inpart, be attributed to thedifferences between the two
modelling approaches.

Discussion
There are three key conclusions that can be drawn from this study. The first
is that, when considering the thermodynamic stability of a candidate hard
magnetic phase, it is crucial to consider itsmagnetic state aswell. Our results
for FeNi suggest that L10 ordering is only predicted once the parent system
has ferromagnetically ordered, suggesting that processing of this phase
should take place below itsCurie temperature and/or in an appliedmagnetic
field, thereby promoting desired atomic ordering84. A similar story holds
truewhen considering alloying additions to this system; different treatments

Table 4 | Computed atomic ordering temperatures (Tord) and concentration wave modes (kord, Δcα) for holistic modelling of the
preferred ordering induced by an alloying addition for compositions of the form Fe4Ni3X, followed by the consequent predicted
magnetocrystallineanisotropyenergies (K1),magnetisations (M), andmagneticcritical temperatures (TC) of theorderedphases

Composition Magnetic Tord (K) kord (2π/a) ΔFe ΔNi ΔX K1 (MJm−3) M (μB/atom) TC (K)

state Holistic Ideal Holistic Ideal Holistic Ideal

FeNi PM 175 (0, 0.67, 0.67) 0.707 −0.707 – – –

FM 507 (0, 0, 1) 0.707 −0.707 0.94 0.94 1.66 1.66 1051 1051

Fe4Ni3Al PM 686 (0, 0.3, 1) 0.115 0.643 −0.758 – – –

FM 765 (0, 0.3, 1) 0.462 0.352 −0.814 – 1.66 – 1.46 – 1016

Fe4Ni3Cr PM 136 (0, 0.6, 0.6) 0.285 −0.805 0.520 – – –

FM 853 (0, 0, 1) 0.790 −0.220 −0.570 0.26 1.79 1.09 1.13 501 871

Fe4Ni3Co PM 151 (0, 0, 0) 0.099 −0.751 0.652 — — —

FM 433 (0, 0, 1) 0.749 −0.656 −0.092 0.42 0.31 1.75 1.75 1055 1120

Fe4Ni3Mo PM 401 (0.4, 0.5, 0.6) 0.169 0.607 −0.776 – – –

FM 607 (0, 0.67, 0.67) 0.344 0.470 −0.814 – 1.37 – 1.26 – 632

Fe4Ni3Pd PM 361 (0, 0, 1) 0.460 0.354 −0.814 0.17 1.63 744

FM 696 (0, 0, 1) 0.813 −0.338 −0.475 0.20 1.05 1.64 1.66 783 1072

Fe4Ni3Pt PM 794 (0, 0, 1) 0.672 0.065 −0.737 0.96 1.63 703

FM 1163 (0, 0, 1) 0.795 −0.237 −0.558 1.22 3.44 1.63 1.66 719 1034

An ‘ideal’ value is one where it is assumed that the additive exclusively sits on one sublattice, while an ‘holistic’ value assumes the additive is distributed according to our inferred ordering. Note that we
choose to normalise the chemical fluctuation, writing we choose to normalise the chemical fluctuation, writing Δα = Δcα/∥Δcα∥.
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of the magnetic state within our modelling can result in different predicted
atomic ordering tendencies.

The second key conclusion is that it is vital to assess the thermo-
dynamic stability of any proposed hard magnetic compound. It will always
be possible to imagine metastable crystal structures with extraordinary
magnetic properties, but it is only by considering phase equilibria, as is
conducted in this study, that an holistic assessment can be made about a
candidate material’s suitability for applications.

Finally, although these results, and in particular results presented for Pt
additives in FeNi, suggest that some alloying additions may yield increased
ordering temperatures and crystal structures with improved MCA com-
pared to the base FeNi binary, it is not the case that all additives promote L10
ordering. It is necessary, therefore, to performa complete stability analysis of
a given specified composition, rather than assume attainment of an L10
ordered phase from the outset.

Further work should seek to perform high-throughput searches across
a wider range of potential compositions, to search for novel, multi-
component alloy phaseswith desirablemagnetic properties. Results of these
computational studies can be implemented into experimental activities, to
more rapidly realize new types of advanced magnetic materials. We are in
the process of adapting our codes for such studies.

Methods
The S(2) theory for multicomponent alloys
Our approach for modelling atomic order in multicomponent alloys uses a
Landau-type expansion of the free energy of the system about a homo-
geneous (disordered) reference state to obtain the two-point correlation
function, an ASRO parameter, ab initio. The effects of the response of the
electronic structure and the rearrangement of charge due to the applied
inhomogeneous chemical perturbation are fully included. The theory is the
natural multicomponent extension of the S(2) theory developed for binary
alloys85,86, and it has its groundings in statistical physics and the in seminal
papers on concentration waves authored by Khachaturyan22 and Gyorffy
and Stocks85. Full details of the theory, its implementation, and extensive
discussion can be found in earlier works10–15.

The approach assumes a fixed, ideal lattice, fcc for the alloys studied in
this paper, which represents the averaged atomic positions in the solid
solution. A description of the atomic arrangements in a substitutional alloy
with this fixed underlying lattice is given by the site occupation numbers,
{ξiα}, where ξiα = 1 if site i is occupied by an atom of species α, and ξiα = 0
otherwise. Each lattice site must be constrained to have one (and only one)
atom sitting on it, expressed as ∑αξiα=1 for all lattice sites i. The overall
concentration of a chemical species, cα is given by cα ¼ 1

N

P
iξiα, whereN is

the total number of lattice sites in the system. A natural choice of atomic
long-range order parameter is given by the ensemble average of the site
occupancies, ciα = 〈ξiα〉, where the {ciα} are referred to as the site-wise
concentrations. In the atomically disordered limit, corresponding to the
solid solution at high temperatures, these occupancies will be spatially
homogeneous and take the values of the overall concentration of each

chemical species, i.e. limT!1 ciα ¼ cα. Below any atomic disorder-order
transition, however, the site occupancies acquire a spatial dependence.
These spatially dependent occupancies (or concentrations) can bewritten as
a fluctuation to the concentration distribution of the homogeneous system,
ciα = cα+Δciα. As the underlying system is lattice-based and possesses
translational symmetry, it is natural to write these fluctuations in reciprocal
space using a concentration wave formalism, as pioneered by
Khachaturayan22. In this manner we write

ciα ¼ cα þ
X
k

eik�RiΔcαðkÞ ð4Þ

to describe a chemical fluctuation, where Ri is the lattice vector with cor-
responding occupancy ciα. As an illustrative example, Fig. 2 shows L10-type
crystallographic order imposed on the fcc lattice for an equiatomic, AB
binary system, cα ¼ ð12 ; 12Þ. The completely L10-ordered structure, repre-
sented by alternate layers of atoms of speciesA andB, is described by k= {(0,
0, 1), (0, 0, −1)}, with the (normalised) change in concentration
Δcα ¼ 1ffiffi

2
p ð�1; 1Þ. This formalism is extensible to multicomponent alloys.

Correlations between atomic species above any disorder-order tran-
sition temperature are quantified by the two-point correlation function,
written as

Ψiαjα0 ¼ hξiαξjα0 i � hξiαihξjα0 i; ð5Þ

which is an ASRO parameter. This quantity is intrinsically related to the
energetic cost of chemical fluctuations10, as ASRO will be dominated by
those chemical fluctuations which are least costly energetically.

To find the energy cost we approximate the free energy,Ω, of an alloy
with an inhomogeneous site-wise concentration distribution, {ciα}, by

Ωð1Þ½fciαg� ¼ � 1
β

X
iα

ciα ln ciα

�P
iα
νiαciα þ hΩeli0½fciαg�;

ð6Þ

where the three terms on the right-hand side of Eq. (2) describe entropic
contributions, site-wise chemical potentials, and an average of the electronic
contribution to the free energy of the system, respectively. The free energy of
the system is then expanded about the homogeneous reference state (i.e. the
solid solution) in terms of the {ciα}. This Landau-type series expansion is
written

Ωð1Þ½fciαg� ¼ Ωð1Þ½fcαg� þ
P
iα

∂Ωð1Þ
∂ciα

���
fcαg

Δciα

þ 1
2

X
iα;jα0

∂2Ωð1Þ

∂ciα∂cjα0

�����
fcαg

ΔciαΔcjα0 þ . . . :
ð7Þ

The site-wise chemical potentials present in Eq. (6) serve as Lagrange
multipliers in the linear response theory, but their variation is not relevant to
the underlying physics so terms involving these derivatives are dropped10–12.
The symmetry of the solid solution at high temperature—and the
requirement that any imposed fluctuation conserves the overall concentra-
tions of each chemical species—ensures that the first-order term vanishes.
The change in free energy, δΩ(1) as a result of a fluctuation is therefore
written (to second order) as

δΩð1Þ ¼ 1
2

X
iα;jα0

Δciα β�1 C�1
αα0 � Sð2Þiα;jα0

h i
Δcjα0 ; ð8Þ

whereC�1
αα0 ¼ δαα0

cα
is associatedwith the entropic contributions, and the term

� ∂2hΩeli0
∂ciα∂cjα0

� Sð2Þiα;jα0 is the second-order concentration derivative of the

Table 5 | Averagemagnetisations (M) and calculatedmagnetic
critical temperatures (TC) for the atomically disordered,
A1 solid solutions with compositions of the form Fe3Ni4X

Composition M (μB/atom) TC (K)

FeNi 1.61 684

Fe3Ni4Al 1.05 638

Fe3Ni4Cr 0.89 391

Fe3Ni4Co 1.49 850

Fe3Ni4Mo 1.03 327

Fe3Ni4Pd 1.36 725

Fe3Ni4Pt 1.37 690

Al, Cr, and Mo are all detrimental to the magnetic critical temperature of the solid solution.
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average electronic energy of the disordered alloy. The evaluation of this term
has been covered in depth in earlier works10,11 and for brevity, we will omit
discussion of it here.

It should be noted that Sð2Þiα;jα0 is evaluated in reciprocal space in our
codes, and therefore the change in free energy of Eq. (8) is written
accordingly as:

δΩð1Þ ¼ 1
2

X
k

X
α;α0

ΔcαðkÞ β�1C�1
αα0 � Sð2Þαα0 ðkÞ

h i
Δcα0 ðkÞ: ð9Þ

The matrix in square brackets ½β�1C�1
αα0 � Sð2Þαα0 ðkÞ�, referred to as the che-

mical stability matrix, is related to an estimate of the ASRO, Ψiα;jα0 (Eigen-
values of the chemical stability matrices for the compounds considered in
this study are visualised in the Supplementary Material, Figs. 1–26). When
searching for an disorder-order transition, we start with the high
temperature solid solution, lower the temperature and look for the
temperature at which the lowest lying eigenvalue of this matrix passes
through zero for any k-vector in the irreducible Brillouin Zone. When this
eigenvalue passes through zero at some temperature Tord and wavevector
kord, we infer the presence of an disorder-order transition with chemical
polarisation Δcα given by the associated eigenvector. In this fashion we can
predict both dominant ASRO and also the temperature at which the solid
solutionbecomesunstable anda crystallographically orderedphase emerges.

Vibrational effects
The free energy of Eq. (6) does not include a vibrational term. Full inclusion
of these effects within our linear response analysis would be highly complex,
requiring consideration of the impact of both atomic short- and long-range
order on the elastic constants and phonon spectra of a given alloy for
arbitrary chemical orderings. However, once a given chemical ordering has
been identified (for example, for the L10 ordering identified for FeNi in
Section IIA) it is possible to estimate the importance of vibrational effects in
the following way.

When the change in free energy, Eq. (9), is considered for an L10
ordering in binary FeNi, we only need consider the wavevector k = (0, 0, 1).
Further, for a binary system, the 2 × 2 chemical stability matrix reduces to a
single number sinceΔcAðð0; 0; 1ÞÞ ¼ �ΔcBðð0; 0; 1ÞÞ ¼ Δ~c. Writing c = cA,

we have

½β�1C�1
αα0 � Sð2Þαα0 ðð0; 0; 1ÞÞ�7!

1
βcð1� cÞ � Sð2Þðð0; 0; 1ÞÞ; ð10Þ

where Sð2Þ ¼ Sð2Þ11 þ Sð2Þ22 � 2Sð2Þ12 .
To include vibrational effects, we then assume that the change in

vibrational free energy between ordered and disordered phases can be
approximated for small chemicalfluctuations as dependingquadratically on
the atomic long-range order, Δ~c, i.e. ΔFvibðTÞ ¼ AðTÞðΔ~cÞ2. (Such quad-
ratic dependence is justified by, e.g. Fig. 3 of ref. 49). For the L10 ordering in
FeNi, we estimate the temperature dependent parameter A(T) by con-
sidering the difference in vibrational free energy between the fully ordered
L10 phase and disordered A1 phase, writing

AðTÞ ¼ FL10
vib ðTÞ � FA1

vibðTÞ; ð11Þ

where the vibrational free energies are evaluated within a Debye model as
proposed by Moruzzi, Janak, and Schwarz61.

The only free parameters in the above model are the Debye tempera-
tures of the A1 and L10 phases. We obtain Debye temperatures for both
phases within the approximation of Anderson87, which is based on the
density, bulk modulus, and shear modulus of a given phase. The bulk and
shear modulus of each phase can be calculated from its elastic constants,
which we obtain using CASTEP88. Our fitted elastic constants, bulk and
shearmoduli, andDebye temperatures are given in Supplementary Table 3.

Having obtained the bulk and shear moduli for both phases and,
correspondingly, the Debye temperatures, we can use Eq. (11) to quantify
the impact of vibrational effects on the predicted chemical ordering tem-
perature. The (now 1 × 1) chemical stability matrix is written

Ψ�1ðð0; 0; 1ÞÞÞ ¼ 1
βcð1� cÞ � Sð2Þðð0; 0; 1ÞÞ þ AðTÞ: ð12Þ

From left to right, the three terms on the right hand side of this equation
indicate contributions fromentropic, internal energy, and vibrational terms,
respectively.At a temperature of 500 K, our calculated entropic contribution

Table 6 | Computed atomic ordering temperatures (Tord) and concentration wave modes (kord, Δcα) for holistic modelling of the
preferred ordering induced by an alloying addition for compositions of the form Fe3Ni4X, followed by the consequent predicted
magnetocrystallineanisotropyenergies (K1),magnetisations (M), andmagneticcritical temperatures (TC) of theorderedphases

Composition Magnetic Tord (K) kord (2π/a) ΔFe ΔNi ΔX K1 (MJm−3) M (μB/atom) TC (K)

state Holistic Ideal Holistic Ideal Holistic Ideal

FeNi PM 175 (0, 0.67, 0.67) 0.707 −0.707 – – –

FM 507 (0, 0, 1) 0.707 −0.707 0.94 0.94 1.66 1.66 1051 1051

Fe3Ni4Al PM 866 (0, 0, 1) 0.159 −0.773 0.614 0.04 1.19 673

FM 895 (0, 0.2, 1) 0.089 0.658 −0.748 – 0.93 – 1.24 – 841

Fe3Ni4Cr PM 213 (0, 0.6, 0.6) 0.341 −0.813 0.472 – – –

FM 694 (0, 0, 1) 0.773 −0.159 −0.614 0.22 0.36 0.87 1.06 501 625

Fe3Ni4Co PM 212 (0, 0.75, 0.75) 0.774 −0.612 −0.162 – – –

FM 531 (0, 0, 1) 0.737 −0.673 −0.063 0.48 1.16 1.53 1.57 1003 1046

Fe3Ni4Mo PM 468 (0, 0.67, 0.67) −0.070 0.739 −0.670 – – –

FM 727 (0, 0.67, 0.67) 0.138 0.628 −0.766 – 0.65 – 1.17 – 632

Fe3Ni4Pd PM 373 (0, 0, 1) 0.159 −0.773 0.614 0.01 1.38 713

FM 688 (0, 0, 1) 0.816 −0.436 −0.380 0.22 0.55 1.40 1.41 780 882

Fe3Ni4Pt PM 639 (0, 0, 1) 0.757 −0.114 −0.643 0.84 1.39 687

FM 875 (0, 0, 1) 0.814 −0.356 −0.459 0.85 0.00 1.39 1.43 716 848

An ‘ideal’ value is one where it is assumed that the additive exclusively sits on one sublattice, while an ‘holistic’ value assumes the additive is distributed according to our inferred ordering. Note that we
choose to normalise the chemical fluctuation, writing we choose to normalise the chemical fluctuation, writing Δα = Δcα/∥Δcα∥.
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is 172.3meV/atom, S(2)((0, 0, 1)) is 174.9 meV/atom, and our vibrational
contribution is 18.4meV/atom. Once the vibrational contribution to the
free energy is included, our predicted L10 ordering temperature for FeNi is
reduced from 508 K (without vibrational effects) to 449 K (with vibrational
effects).

Pairwise atomistic model
To explore the alloy phase space further than is possible with the above
linear response analysis, we map the concentration derivatives of the
internal energy of the alloy, Sð2Þαα0 ðkÞ, to a pairwise real-space interaction. This
real-space model, referred to as the Bragg–Williams model54,55, is lattice-
based and has a Hamiltonian of the form

H ¼ 1
2

X
iα;jα0

Viα;jα0ξiαξjα0 : ð13Þ

The effective pairwise interactions, Viα;jα0 , are recovered from Sð2Þαα0 ðkÞ by
means of a inverse Fourier transform. The mapping from reciprocal-space
to real-space and fixing of the gauge degree of freedom on the Viα;jα0 is
specified in earlier works10–12. These interactions are assumed to be isotropic
and the sum in Eq. (3) is then taken as a sum over coordination shells, i.e.
first-nearest neighbours, second-nearest neighbours, etc.

The pairwise form of the internal energy given in Eq. (13) can be
thought of as related to a two-body term in a cluster expansion of the
internal energy of the alloy. However, there is an important distinction to
be made here: a cluster expansion typically involves fitting an expansion
including both two-body and higher order terms to a large dataset of
atomic configurations and associated DFT energies. By contrast, the S(2)

theory requires only a single self-consistent KKR-CPA calculation to be
performed to describe the average electronic structure and associated
internal energy of the disordered alloy. The derivatives of this internal
energy and subsequent real-space pairwise form of the internal energy are
obtained via a perturbative analysis of the KKR-CPA effective medium.
We note that, because the current ab initio framework evaluates a pair
correlation function, a pair interaction is obtained. In principle, however,
the methodology is extensible to evaluation of higher-order correlations
and the corresponding many-body interactions, akin to a cluster expan-
sion. We suggest that one approach which could be followed to obtain
these would be analogous to that used in refs. 89,90, which obtained
higher-order interactions in a magnetic setting within a similar first-
principles framework to that of the present work.

Monte Carlo simulations
To investigate the phase behaviour of these systemswith the above atomistic
model, we perform simulated annealing using theMetropolis Monte-Carlo
algorithm with Kawasaki dynamics56. These dynamics naturally conserve
overall concentrations of each chemical species by permitting only swaps of
pairs of atoms.

The algorithm starts by initialising the occupancies of each lattice site
randomly, with the only constraint being the overall number of atoms of
each chemical species, specified by the overall concentrations. A pair of
atomic sites (not necessarily nearest-neighbours) is selected at random, and
the change in internal energy ΔH resulting from swapping the site occu-
pancies is calculated. If the change in energy is negative (ΔH < 0) the swap is
acceptedunconditionally, while if the change is positive (ΔH > 0) the swap is
accepted with acceptance probability e−βΔH. To collect the configurational
contribution to the SHC of the system, we use the fluctuation-dissipation
theorem91 and the expression

C ¼ 1

kbT
2 hE2i � hEi2� �

: ð14Þ

Toquantify the emergentASRO in these simulations,weuse the conditional
probability of finding one species neighbouring another, writing Ppq

n to
denote the conditional probability of an atom of type q neighbouring an

atom of type p on coordination shell n. In the high-temperature limit, these
tend to the value cq, i.e. the overall concentration of species q. Divergence
from this homogeneous value is indicative of emergent atomic short- and
long-range order.

Magnetic critical (Curie) temperature
One of themost fundamental properties of of a ferromagneticmaterial is its
magnetic critical temperature, TC, the temperature at which its magnetic
susceptibility diverges and belowwhichmagnetic order is established. For a
ferromagnet, this quantity is known as the Curie temperature. In this work,
we compute themagnetic critical temperatures of the phases studied in this
work using the disordered local moment (DLM) description of magnetic
disorder at finite temperature44–46.

The computational approach for using DLM calculations to obtain an
estimate of the magnetic critical temperature of a system is described in
detail in other works, and the reader is referred to those for full details of the
underlying theory46,48,92,93. In essence, for a given value of β = 1/(kBT), the
approach expresses the magnetisation of a system, miα in terms of self-
consistently determined Weiss fields, hiα, writing

miα ¼ LðβhiαÞ; ð15Þ

where L(x) is the Langevin function, defined as

LðxÞ ¼ cothðxÞ � 1
x
; ð16Þ

which reduces to L(x) ≈ x/3 in the limit of small x. Therefore, in the limit of
small βhiα, Eq. (15) can be linearised to obtain an estimate of the Curie
temperature.

In the case of a purematerial with a single non-equivalent lattice site in
the unit cell (miα =m, hiα = h) the linearised equation is written46.

m � 1
3
βh: ð17Þ

For smallm is is reasonable to suppose that theWeiss field is linear inm and
it is therefore possible to write

h ¼ Jm: ð18Þ

Given a few small values ofβh, it is possible to performa linearfit to obtain J,
then the critical temperature is found as TC = J/(3kB).

For the atomically ordered L10 phase of FeNi, where there are twonon-
equivalent lattice sites in the unit cell, the same linearisation can be per-
formed but this time a matrix equation is obtained. A more detailed dis-
cussionof this procedure can be found in ref. 92. TheWeissfields for the two
non-equivalent lattice sites are written

h1a
h1d

� �
� J1a�1a J1a�1d

J1a�1d J1d�1d

� �
m1a

m1d

� �
; ð19Þ

where, e.g., h1a is the Weiss field on the 1a site, and all other symbols are
natural generalisations of the symbols of Eqs. (17) and (18) to the case of
multiple sublattices. The critical temperature is then obtained in the limit of
small βhi by solving the eigenvalue problem

h1a
h1d

� �
¼ β

3

J1a�1a J1a�1d

J1a�1d J1d�1d

� �
h1a
h1d

� �
; ð20Þ

where the smallest eigenvalue of the matrix

1
3kB

J1a�1a J1a�1d

J1a�1d J1d�1d

� �
ð21Þ
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corresponds to TC. The eigenvector associated with this eigenvalue then
informs us of the relevant ordering strengths of different chemical species
and/or magnetic sublattices48.

Theapproachoutlinedcanalsobegeneralised to threeormoremagnetic
sublattices, and tomultiplemagnetic species per lattice site, as is necessary for
the partially and fully ordered crystal structures considered in this work.

Evaluating magnetocrystalline anisotropy ab initio
The MCA of a system describes the change in energy of the system due a
rotation of the magnetisation direction. For a ferromagnet with magneti-
sation direction n̂, the MCA can be expressed as

K ¼
X
γ

Kγgγðn̂Þ; ð22Þ

where Kγ denote MCA coefficients, and gγ denote spherical harmonics (or
linear combinations of spherical harmonics)fixing the orientation of n̂with
respect to the crystal axes. These spherical harmonics (or linear combina-
tions thereof)must respect the symmetry of the underlying crystal structure.
It is convenient to represent n̂ in spherical polar coordinates by
n̂ ¼ ðsin θ cos ϕ; sin θ sin ϕ; cos θÞ, where θ and ϕ denote polar and azi-
muthal angles respectively in a coordinate frame specified by the
crystal axes.

In a uniaxial ferromagnet, the MCA is well-approximated by

K ¼ K1sin
2θ ð23Þ

and the total energy of the system can be written as

Eðn̂Þ ¼ E iso þ K1sin
2θ; ð24Þ

where Eiso represents the isotropic portion of the energy. The MCA coef-
ficient K1 can be calculated from derivatives of this energy with respect to
magnetisation directions. Given an energy of the form in Eq. (24), we have
that

∂E
∂θ

¼ K1 sin 2θ: ð25Þ

The MCA difference between the system magnetised in the ẑ and x̂ direc-
tions is the sum,

ΔE ¼ Eð½1; 0; 0�Þ � Eð½0; 0; 1�Þ ¼ K1: ð26Þ

Evaluation of the derivative, ∂E∂θ at θ ¼ π
4 gives K1 directly, enabling us to

obtain theMCAinaone-shot calculation. Evaluationat other angles enables
extraction of coefficients of higher-order anisotropy coefficients, if desired38.

Using the MARMOT code47, which works with a fully relativistic
formulation ofDFT, these torques canbe evaluated ab initio.Adiscussionof
the relevant formulae for the torque in terms of key quantities of multiple
scattering theory can be found in refs. 18,38.

Computational details
Throughout, the all-electron HUTSEPOT code43 is used to generate self-
consistent, one electron potentials within the KKR formulation of DFT19,20.
Chemical disorder is described within the CPA94,95, while the magnetic
disorder of the paramegnetic state is modelled within the DLM picture44–46.
Weperformspin-polarised, scalar-relativistic calculationswithin the atomic
sphere approximation96 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 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 is that of
Perdew and Wang97. The linear response results are obtained from an

computational implementation of the theory described in Section IVA and
discussed in detail in earlier works10–12.

Lattice parameters for the alloyed systems are obtained by calculating
an fcc lattice parameter based on a weighted average of atomic volumes for
the pure elements, taken from ref. 98. Full details are provided in Supple-
mentaryTables 1 and2. For example, for the binary FeNi system, this results
in a cubic fcc lattice parameter of a = 3.57Å, while for the ternary Fe4Ni3Pt
system, this results in a cubic fcc lattice parameter of a = 3.62Å. Use of the
experimentally determined atomic volumes, which will be slightly larger
than LDA estimates, naturally incorporating the effects of thermal expan-
sion in ourmodelling. Throughout, wefix c/a = 1,which is justified for these
FeNi-based systems, as L10 FeNi is known from both experimental and
computational studies to have minimal tetragonal distortion to the lattice,
with c/a ratio being between 1.00026 (experimental determination, ref. 9)
and 1.0048 (GGA estimate, ref. 51). In previous studies, we have found that
our S(2) calculations are only weakly sensitive to the choice of lattice para-
meter around the experimental value14.

MCA energies and magnetic critical temperatures are evaluated using
theMARMOTcode47, which takes in ferromagneticHUTSEPOTpotentials
(frozen potential approximation) as a starting point for its evaluation of the
Weiss fields and magnetic torques as described in Sections IVE and IVF.
Rather than include the effects of spin-orbit coupling in an approximate
way, by adding another term to the scalar-relativistic Hamiltonian, MAR-
MOT works in a fully relativistic setting in which spin-orbit effects are
included naturally. We use parameters consistent with the HUTSEPOT
calculations, and other relevant parameters are left at their MARMOT
default values. This includes angular sampling of the CPA-DLM integral of
240 × 40 and an adaptive meshing scheme for Brillouin zone integrations.

For calculations of the elastic constants, bulk and shear moduli, and
associated Debye temperatures of the A1 and L10 phases of FeNi, used for
assessing the impact of lattice vibrations on predicted chemical ordering
temperatures, we use CASTEP88, which is a plane-wave DFT package. All
calculations were performed in the ferromagnetic state. The L10 structure
is described by its two-atombct unit cell, while results for theA1 phase are
obtained by averaging quantities across three 32-atom special quasiran-
dom structures99 as implemented in the ICET package100. We use the
Generalised Gradient Approximation (GGA) and the exchange-
correlation functional of Perdew, Burke, and Ernzerhof (PBE)101. A
plane-wave cutoff energy of 600 eV was used in conjunction with an
electronic self-consistency criterion of 1 × 10−6 eV. For the two-atom L10
structure, a 12 × 12 × 12 Monkhorst–Pack grid102 was used for Brillouin
zone integration, while for the 32-atom supercells a 6 × 6 × 6 grid was
used. Structures were initially relaxed to obtain optimised
geometries103–105, with an atomic force tolerance of 0.03 eVÅ−1. The
average optimised fcc lattice constant for theA1phase is 3.570Å, while for
the L10 phase, a = b = 3.556Å and c = 3.577Å, corresponding to c/
a = 1.006. The optimised cells were then sheared according to the scheme
outlined in ref. 106, from which the elastic constants, bulk modulus, and
shear modulus, can be fitted.

Data availability
The data produced for this study are available through Zenodo via the
https://doi.org/10.5281/zenodo.10425681. Specific questions should be
directed to the corresponding author(s).

Code availability
The all-electron HUTSEPOT code43 used for constructing the self-
consistent one-electron potentials of DFT is available at hutsepot.jku.at.
The code implementing the S(2) theory for multicomponent alloys10,15 is
available from the authors on reasonable request. The code for performing
lattice-basedMonte Carlo simulations to study alloy phase behaviour using
the obtained atom-atom interchange parameters11 is available via the
https://doi.org/10.5281/zenodo.10379949. The MARMOT code47, used for
evaluating magnetic critical temperatures and magnetocrystalline aniso-
tropy energies within the disordered local moment (DLM) picture, is
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available at warwick.ac.uk/marmotcode. CASTEP (for structural optimi-
sation, elastic constants, and bulk moduli) is available at www.castep.org.
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