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Pressure effect 
on the order–disorder 
transformation in  L10 FeNi
Li‑Yun Tian1,2*, Olle Eriksson2,3 & Levente Vitos1,2,4

The ordered phase of the FeNi system is known for its promising magnetic properties that make it 
a first‑class rare‑earth free permanent magnet. Mapping out the parameter space controlling the 
order–disorder transformation is an important step towards finding growth conditions that stabilize 
the L1

0
 phase of FeNi. In this work, we study the magnetic properties and chemical order‑disorder 

transformation in FeNi as a function of lattice expansion by utilizing ab initio alloy theory. The 
largest volume expansion considered here is 29% which corresponds to a pressure of −25 GPa. The 
thermodynamic and magnetic calculations are formulated in terms of a long‑range order parameter, 
which is subsequently used to find the ordering temperature as a function of pressure. We show that 
negative pressure promotes ordering, meaning that synthetic routes involving an increase of the 
volume of FeNi are expected to expand the stability field of the L1

0
 phase.

Tetragonal FeNi alloy as a candidate permanent magnet material, exhibiting high uniaxial magnetic anisotropy 
and large magnetic moment, has generated increasing  interest1–3, especially since the discovery of single phase 
tetrataenite (NWA 6259) in 2010. Tetrataenite is a rare-earth-free and low-cost permanent magnet which is 
expected to be applied widespread in future electromagnetic  devices4,5. However, there is the serious problem 
of the order–disorder transition temperature (320 °C) of tetragonal FeNi, which prevents efficient synthesis 
routes of this phase, due to the slow atomic diffusion at such a low temperature. Designed to overcome this 
deficiency, specific tailored synthesis techniques are extremely promising. Techniques that in general increase 
the order–disorder temperature include the promotion of atomic diffusion, via e.g. atomic vacancies or defects, 
induced distorted  lattice6, and third element  effect7,8. Modern monatomic layer deposition technique has been 
used to fabricate L10 FeNi thin films on a substrate with a small structural  match1,9. Unfortunately, this struc-
tural realization has decreased long-range order parameter and magnetic anisotropy energy, Ku . Recently, Goto 
et al. synthesized L10 FeNi with a high degree of order, of about 0.71 through nitrogen insertion and topotactic 
extraction (NITE) technology which is the highest degree of order reported so  far10.

As soon as practical synthesis and processing techniques are developed to access the tetrataenite phase in 
bulk amounts and extend its stability field beyond room temperature, the excellent potential of L10 FeNi can 
be realized for permanent magnet applications. Until now, the studies on how to stabilize tetragonal FeNi have 
been inconclusive. Specifically, there have been few reports that clarify the dependence of the physical properties 
on volume contraction or expansion. However, it has been confirmed that the chemical and magnetic ordering 
transitions are interdependent of each  other11. In this work we apply a Monte Carlo (MC) method to treat the 
spin coupled Hamiltonian of the magnetic ordering effects and density functional theory (DFT) to treat the 
chemical ordering effects.

In our previous work, we have accurately demonstrated an order–disorder transition in L10 FeNi alloy evalu-
ated from the local atomic rearrangements for chemical  ordering12. Our approach represents an efficient way 
to describe the ordering transformation based on ab initio theory. In the present work, we report the chemical 
order–disorder transformation and magnetic transition of tetragonal FeNi alloys under various negative pres-
sures. Our goal is to investigate how chemical order–disorder and magnetic transitions change as a function of 
(negative) pressure, as well as the correlations between magnetic properties and microstructure. The primary 
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conclusion of our investigation is that negative pressure (e.g. chemical volume expansion) is a potential way to 
increase the order–disorder transition temperature of L10 FeNi.

Results and discussion
At 0 GPa, the equilibrium volumes and the tetragonal distortions (c/a) of FeNi alloys were obtained by mapping 
the minimum of the total ground-state energies as a function of long-range order parameter η . The pressure-
dependent equilibrium volumes were obtained from the free energies at the corresponding c/a ratios at 0 GPa. 
Once the corresponding c/a ratios were fixed, the equilibrium volumes of fully and partially ordered FeNi alloys 
were fitted by the Birch–Murnaghan equation of  state13,14. For the external pressure we considered values between 
0 and −25 GPa with a step of 5 GPa. We note that the largest negative pressure considered here corresponds 
approximately to 29% lattice expansion caused by 33.3 at% interstitial  N10.

In Fig. 1, the equilibrium volumes of ferromagnetic FeNi alloys are shown at different ordering states (0.0 � 
η � 1.0) and negative pressures ( −25 GPa � P � 0 GPa) (colored symbols). The color gradient shows the differ-
ence of the internal energies at different site occupations relative to the 0 GPa total energy of fully ordered FeNi 
configuration. It should be observed that at each pressure, the ferromagnetic state is stabilized with increasing 
long-range order parameter. In addition, the site occupation induced volume change at constant pressure is 
relatively small. That is because the atomic sizes of Ni and Fe are very similar.

The spin magnetic moments of fully ordered and random FeNi are shown as a function of pressure in Fig. 2. 
The magnetic moments are calculated by averaging the magnetic moments of Fe and Ni sites in the bct struc-
ture. It is well-known that itinerant ferromagnetism is caused by unequal occupancy of the majority-spin and 
minority-spin in the density of states (DOS). Expanding the atomic volume causes transition between the 

Figure 1.  The V/V0 ratios of tetragonal FeNi alloys corresponding to constant pressures (shown at the top of 
the figure) as a function of order parameter η . V0 represents the equilibrium volume of fully ordered FeNi at 0 
GPa. The colored symbols show the equilibrium volumes at constant pressure (0, − 5, − 10, − 15, − 20 and − 25 
GPa) as a function of order parameter. The color gradient shows the changes of internal energies relative to the 0 
GPa total energy of L10 FeNi.

Figure 2.  Pressure dependence of the average magnetic moments and volumes (inset) for the fully ordered and 
disordered FeNi alloys.



3

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:14766  | https://doi.org/10.1038/s41598-020-71551-4

www.nature.com/scientificreports/

majority-spin and minority-spin which yields increased magnetic moments. The average magnetic moment of 
the fully ordered FeNi ( Mo ) increases from 1.621 µB to 1.782 µB per atom and that of the fully disordered phase 
( Md ) from 1.599 µB to 1.783 µB per atom when the pressure changes from 0 to − 25 GPa. The difference between 
the magnetic moments of tetragonal and random structures becomes smaller with increasing (negative) pres-
sure due to the fact that the volume of random phase Vd is more sensitive to pressure than that of the ordered 
phase Vo , as shown in the inset of Fig. 2. However, at the same pressures, the magnetic moments of the ordered 
phases with smaller volumes are slightly larger than those of the corresponding random structures with bigger 
volumes. This is due to the slightly increased majority-spin and decreased minority-spin in DOS of L10 FeNi as 
compared to the random  phase12.

We study the partial DOS of Fe and Ni to understand how the total magnetic moments are formed as a func-
tion of negative pressure in Fig. 2. Figure 3 shows that when the pressure becomes more negative, the peaks of 
both the Fe and Ni DOS become higher and the width of the DOS is decreased. This means that the electrons 
start to behave in a more localized manner, which is consistent with the fact that negative pressure increases 
the volume and therefore the electrons in the lattice become more atomic like. For Ni the increasing height and 
decreasing width of the DOS cancel each other in such a way that the area under the DOS curve, which is the 
number of states (NOS), up to the Fermi level stays nearly constant for both the spin up and spin down channels. 
Ni magnetic moment remains therefore almost constant as a function of pressure. For Fe, band narrowing can 
only be clearly seen in the spin up DOS. Even though changes in the Fe spin down channel are difficult to see, 
inspecting the NOS reveals that both spin channels undergo pressure induced changes that are roughly the same 
size, but have the opposite impact on the NOS. The band narrowing effect in the Fe component makes the Fe 
spin up channel (especially the d partial DOS, not shown) become more saturated which leads to an increase of 
the magnetic moment. The pressure effect on the DOS is stronger for the random phase due to the larger volume 
change, meaning that the Fe moment of the random phase grows faster as a function of the negative pressure 
compared to the ordered case.

The exchange interactions Jij for the ordered and random phases of FeNi for the Fe–Fe, Fe–Ni and Ni–Ni pairs 
are shown in Fig. 4. The changes in the exchange interaction Jij and local magnetic moment are important for 
the magnetic free energy and Curie temperature. It is found that the contributions of the exchange interactions 
are very sensitive to the local environments of the atoms. The strongest interactions are between Fe–Fe pairs at 
the first nearest neighbor, while the lowest interactions are for Ni–Ni.

Panels (a,b) in Fig. 4 show quite different tendencies for the Fe–Fe pairs at first nearest neighbor distance for 
the L10 and random phases. In the L10 phase, the positive interactions at the first coordination shell are decreased 
with increasing the volume, while opposite tendency is found for random FeNi. This volume dependence of the 
exchange parameters is in agreement with Ref.15.

Figure 3.  Partial density of states of Fe and Ni for the ordered (up) and random phases (down) at different 
pressures as a function of energy relative to the Fermi energy.
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Magnetic moments tend to grow as a function of volume due to the correlation between electrons, which 
favors parallel spins. Increasing negative pressure typically means decreasing overlap between electronic orbit-
als. The volume dependency of the orbital overlap integrals will then affect the volume dependency of the Jij 
parameters. It is not easy to predict how the Jij parameters will change as a function of negative pressure. Ref.16 
found that in pure bcc Fe the pressure dependence of the Jij parameters is very complex. In the ordered L 10 struc-
ture, each Fe atom only has four first nearest neighbour Fe atoms, which means that the total first shell Fe–Fe 
overlapping vanishes quickly. This explains why the first shell Fe–Fe Jij values decrease rapidly as a function of 
negative pressure. For the random phase the first shell Fe–Fe Jij values are seen to slightly increase, so that at 
the highest negative pressure the Jij values between the ordered and random cases are comparable in magnitude 
( ≈ 13 meV ). This seems reasonable, because at that pressure the magnetic moments of the ordered and random 
phases are equal (Fig. 2). In general, decreasing Jij interactions should lead to a decreasing Curie temperature. 
The effect of decreasing Jij and increasing magnetic moments partly cancel each other in the spin Hamiltonian.

Comparing the Jij of ordered and random FeNi phases, we find that the exchange interactions Jij of Ni are 
not as long ranged as they are for Fe. The Fe–Fe interactions are long ranged, and in the ordered lattice the Fe 
atoms prefer to form a periodic ferromagnetic coupling. That is why we see a difference in the Fe–Fe exchange 
interaction magnitudes between the ordered and the random structures. On the other hand, the Ni–Ni and 
Fe–Ni interactions are short ranged and therefore are less dependent on the degree of order of the structure. 
This is why the Ni–Ni and Fe–Ni magnitudes are so similar for the two structures. It should be noted that in 
Fig. 4 the ordered phase has no Fe–Ni (red symbols) interactions for the second nearest neighbour distance, 
because the ordered L10 structure is layered in such a way that second nearest neighbour pairs are always the 
same. The same happens for the fourth nearest neighbours and so on. Additionally, the reason why the ordered 
phase appears to have two different sets of Fe–Fe interaction parameters is because one set is for Fe–Fe pairs in 
the same (001) plane and the other set is for Fe–Fe pairs that are separated by a Ni layer. The same is also true 
for Ni–Ni parameters and higher nearest neighbour pairs.

In Fig. 5, the chemical order–disorder ( Tod ) and magnetic ( Tc ) transition temperatures are shown as a func-
tion of pressure. This is the central result of our investigation. Compared to the volume at 0GPa, the volume of 
L10 FeNi at − 25 GPa corresponds to a good approximation to the volume of FeNiN reported by Goto et al.10. 
The ab initio theory employed here performs well in reproducing the experimental order–disorder transition 
temperature at 0 GPa. Most importantly, we find that the chemical ordering temperature is increased with nega-
tive pressure. Within the present pressure interval, we find an increased value of the chemical order–disorder 
transition temperature of approximately 121 K. In addition, the Curie temperatures of L10 and random FeNi 
phases vary smoothly with negative pressure.

The changes in the ordering temperature upon negative pressure can be understood by monitoring the com-
ponents of the Gibbs free energy. Compared to the other effects (vibrational, electronic and magnetic effects), 
the configurational term ( E0K (V , η)− TSconf (η)+ PV  ) is found to have the largest impact on the change of the 
ordering temperature. We notice that the configurational entropy of fully disordered state remains constant as a 
function of pressure and hence the change in the ( E0K + PV  ) term plays the key role in determining the pressure 
dependence of the chemical transition temperature. To illustrate this, in Fig. 6 we show the ordering temperatures 
relative to the zero-pressure ordering temperature. The approximate values are obtained by considering merely 
the configurational effects ( E0K − TSconf  ), adding the pressure term ( E0K − TSconf + PV  ), and adding both the 
pressure and vibrational effects ( E0K − TSconf + Fvib + PV  ). Their contribution to ordering is different but the 
internal energy is found to dominate the overall pressure effect. The increase in the internal energy difference 
with negative pressure in turn is due to the different equations of state for the ordered and disordered phases. 
Namely, the thermodynamically stable ordered phase has slightly larger bulk modulus, meaning that the ordered 
phase reaches a particular (negative) pressure level after a smaller volume expansion compared to that of the 
disordered phase. The substantial internal energy contribution to the increase of Tod is reduced by the PV and 

Figure 4.  Magnetic exchange interactions between Fe–Fe pairs, Fe–Ni pairs and Ni–Ni pairs in FeNi alloys with 
tetragonal bct structure (left) and random structure (right) as a function of the distance d/a between the pairs of 
atoms i and j (a is the lattice constant).
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vibrational terms to about 219K at − 25 GPa. The sum of the electronic entropy and magnetic effects further 
decrease the pressure-induced transition temperature increment from 219 to 121 K.

The increased ordering temperature in FeNi at negative pressures should promote diffusion. The diffusion near 
grain boundaries and dislocation-core in FeNi was estimated experimentally and for the activation energy 3.275 
eV/atom ( ∼ 316 kJ/mol) was  reported18. Assuming this value at all pressures, we find that the 121K increase of 
the ordering temperature results in about 3000 times larger diffusion at − 25 GPa than at 0 pressure. For a more 
realistic change of the diffusion upon lattice expansion, however, one should also consider the volume effect on 
the activation energy, which is neglected in the above estimate.

It is interesting to understand the relationship between Curie temperatures and chemical ordering tempera-
tures. In the present study, the exchange parameters were used to calculate the Curie temperatures at the peaks 
using the Binder cumulant  method19. This technique has been successfully used in many studies of magnetic 
 materials15,20,21. As seen in Fig. 5, with expanding volume (negative pressure), the changes in Jij lead to a higher 
Tc in L10 FeNi and a lower Tc in random phases. This is due to the lower magnetic ground state energy in the 
ordered phase compared to that in the random phase. Since at very high temperatures the magnetic energy is 
zero for both phases, the temperature induced change in the magnetic energy must be greater for the ordered 
phase, which means that the magnetic entropy of the ordered phase must be greater. Additionally, because the 
magnetic energy increases as a function of temperature, the magnetic contribution to the free energy of FeNi is 
positive and therefore the magnetic entropy serves to increase the ordering temperature.

Figure 5.  Variation of the order–disorder and magnetic transition temperatures of FeNi with pressure. Open 
and closed circles show the Curie temperatures of ordered and disordered states, respectively, and squares show 
the chemical ordering temperature. Experimental ordering temperature is shown for  reference17.

Figure 6.  The ordering temperature of FeNi alloy upon negative pressure estimated from fully ordered and 
disordered states. �Tod are calculated relative to the ordering temperature at zero pressure. �T1

od considers 
only the configurational effects on the Gibbs energy ( E0K − TSconf  ), �T2

od includes the configurational 
and PV effects ( E0K − TSconf + PV ), and �T3

od includes the configuration, PV and vibration effects 
( E0K − TSconf + PV + Fvib).
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Conclusions
In conclusion, we have used first-principles alloy theory and Monte Carlo simulations to analyze the negative 
pressure effect on the chemical and magnetic ordering transformations of tetragonal FeNi alloys. The results con-
firm a strong dependence of the transition temperature on negative pressure. The experimental order–disorder 
transition temperature is accurately reproduced at 0 GPa and the chemical ordering temperature is increased 
linearly by approximately 121 K with increasing the (negative) pressure from 0 to − 25 GPa. This phenomenon 
is in agreement with the observations made on nitriding the FeNi by NITE  technology10. The insertion of nitro-
gen in FeNi, results in high degree of long-range order parameter (0.71), which is consistent with the increasing 
ordering temperature (680 K) at − 25 GPa predicted in the present study. We conclude that the pressure-induced 
ordering temperature in L10 FeNi is the primary effect to understand the NITE process. By identifying this effect, 
we delineate a route for synthesizing ordered FeNi alloys for magnetic applications. Our findings contribute to 
the understanding of the parameter space that controls the order-disorder transformation in this technologically 
important material, which is significant in order to find growth conditions that stabilize the L10 phase.

Methods
In order to check the negative pressure behavior, we have undertaken first-priciples calculations employing the 
generalized gradient approximation (GGA) within the exact-muffin-tin orbitals (EMTO)  method22–24 to evalu-
ate electronic and magnetic properties of tetragonal FeNi alloy. First-principles Gibbs free energy calculations 
were used to describe the thermodynamic properties of FeNi alloys as a function of a long-range order param-
eter η . The order parameter is defined as η = 1 - 2x, where x denotes the mixing between Fe and Ni on the two 
distinct sites in the L10 structure (x = 0 and η = 1 is the fully ordered state whereas x = 0.5 and η = 0 is the fully 
disordered state). The ground-state properties and vibrational and electronic contributions to the Gibbs free 
energy were computed within the EMTO and magnetic free energy was simulated using the MC approach, as 
implemented in the Uppsala atomistic spin dynamics (UppASD)  program25. The exchange parameters needed 
in the MC simulations were calculated using EMTO. Details regarding the computational scheme are the same 
as those used in our previous  work12.

The order–disorder transformation was studied with body-centered tetragonal (bct) crystal structure with 
two sublattices corresponding to i and j sites. Using the single-site coherent-potential approximation (CPA)26,27 
to describe the random structures, both i and j sites were occupied by two chemical types of atom. In the process 
of expanding the volumes of systems with various degrees of chemical order, the tetragonal distortions (c/a) were 
fixed at the corresponding long-range order structures calculated in our previous  work12.

The Gibbs free energy is considered as a function of temperature T, and pressure P at different long-range 
order parameter η values:

where V is the equilibrium volume corresponding to pressure P, E0K  is the internal energy per unit 

ce l l  at  0  K ,  Sconf (η) = − kB
N [2×
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] is the configurational entropy, and Fvib , Fel and Fmag are 

the vibrational, electronic and magnetic free energies, respectively. The vibrational free energy Fvib(P,T , η) was 
described by Debye model with the Debye temperatures determined from the tetragonal elastic parameters 
calculated for the ferromagnetic state. The electronic contribution to the free energy was determined by the 
electronic density of states at the Fermi level. The magnetic contribution to the Gibbs free energy was obtained 
as Fmag ≈ −TSmag ≈ −T

∂�Hmag �

∂T  where the Heisenberg Hamiltonian was described as Hmag = −
∑

i �=j Jijµiµj êi êj 
where the exchange interaction Jij and the local magnetic moments µi and µj on sites i and j were obtained from 
EMTO calculations.
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