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A B S T R A C T   

The chemically ordered L10-FeNi alloy is a promising candidate for next generation rare-earth-free permanent 
magnets, which can revolutionize the high-performance magnets market currently dominated by Nd-Fe-B. 
Despite many efforts, the experimental results fall short of theoretical predictions, and current approaches are 
not suitable for industrial implementation. In this work, we propose an innovative and efficient synthesis method 
that exploits the natural order of a crystalline Ni/Fe complex, which closely mimics the atomic organization in 
the L10 structure, to drive the formation of the ordered phase. By low-temperature reduction of the complex salt, 
carbon coated aggregates of FeNi alloy nanoparticles (20 – 120 nm) with a >55% of L10 phase, high coercivity 
(up to 65 mT) and large saturation magnetization (~ 140 Am2/kg) were obtained. The results pave the way for 
the development of a novel and sustainable route to produce high-anisotropy FeNi nanoparticles of potential 
interest for next generation critical-element-free permanent magnets.   

Permanent magnets are fundamental components in a wide variety 
of primary applications ranging from energy-conversion devices, 
household appliances, to rapidly developing green technologies (i.e., 
hybrid vehicles, wind turbines) [1]. Current high-performance perma-
nent magnets owe their extraordinary properties to the presence of 
rare-earth elements (REEs), which allows reaching a maximum energy 
product (BH)max as high as 0.5 MJ/m3 at room temperature in Nd-Fe-B 
compounds [2]. However, the supply of REEs is nowadays a critical issue 
for the permanent magnet industry. Indeed, the extremely low number 
of extraction sites (> 80% of the global supply of refined REEs come 
from China), combined with their continuously growing demand, makes 
the REEs extremely vulnerable to price fluctuations and shortage [2]. 
Moreover, the mining and refining processes of REEs require large 
amounts of energy and water, while generating vast volumes of GHG 
emissions [3]. To alleviate the strong environmental and economic 
impact of the RE industry, an intense computational and experimental 
activity has been carried out to develop effective solutions that allow 
reducing the demand of REEs, including the optimization of existing 
materials and magnets’ design [2,4–11], the development of new hard 
magnetic phases [12,13], and the recycling/reuse of End-of-Life mag-
nets [14–17]. Although there is still room for improving the 

performance of conventional materials, a major achievement would be 
to develop new hard magnetic phases based on non-critical, easily 
accessible and reusable/recyclable elements (e.g., Fe, Ni, Mn, Al) [18] 
capable of matching the performance of the state-of-art RE-based per-
manent magnets, or bridging the gap in terms of cost-performance [10] 
between the cheapest but less performing hexaferrites ((BH)max up to 
~45 kJ/m3 at room temperature) and the RE-based permanent magnets 
[4]. Several materials have been investigated for this purpose [12], and, 
among them, the chemically ordered L10 FeNi equiatomic alloy (tetra-
taenite), consisting of planes of Fe and Ni atoms alternating along the 
c-axis of the tetragonal fct unit cell, has attracted a great deal of attention 
owing to the low-cost and safe supply of their constituent elements along 
with the large energy product, which may ideally reach values as large 
as ~0.45 MJ/m3 [19]. Moreover, the FeNi alloy, with its lower Fe 
content compared to Nd-Fe-B magnets and a reduced water and energy 
usage related to the mining and processing of Ni in comparison to 
rare-earth elements [20], is expected to result in a decreased overall 
energy and environmental impact. However, differently to other hard 
L10 alloys, such as FePt(Pd) and CoPt(Pd), which can be obtained by 
conventional thermal processes [21–26], the fabrication of the L10-FeNi 
phase is extremely challenging due to the low chemical order/disorder 
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transition temperature ( TO-D ≈ 320 ◦C) [27] above which a chemically 
disordered cubic fcc (A1) phase with soft magnetic properties forms. 
Indeed, although the L10 phase is stable at low temperature, to promote 
the chemical ordering, the processing temperature needs to be lower 
than TO-D but high enough to ensure an adequate atomic interdiffusion 
[28]. Due to the low TO-D value of the FeNi alloy, the low atomic 
mobility below TO-D kinetically limits the formation of the L10 phase, 
which is indeed naturally found only in meteorites that have cooled 
through billions of years at extremely low cooling rates (1 K per million 
years) [29]. To favor the formation of the ordered phase under easily 
accessible conditions and time scales, several strategies have been pro-
posed [19], including neutron irradiation [30], oxidation and reduction 
cycles [31], rapidly solidification of glassy alloys [32], alternate depo-
sition of Fe end Ni monoatomic layers in thin films [33,34], nitrogen 
insertion and topotactic extraction (NITE) [35], addition of other ele-
ments [36], the exploitation of plastic deformation [37] or epitaxial 
strains induced by suitable templates [38,39] as well as the application 
of simultaneous stress and magnetic field during prolonged thermal 
treatments [40]. Although promising results were obtained in some 
cases, none of the proposed approaches is demonstrated to guarantee the 
production of the L10-FeNi alloy with levels of performance, yield, 
times, costs, and environmental sustainability that can be used to pro-
duce the material at the industrial scale. As an example, the NITE pro-
cess [35], which allows so far achieving the best results in terms of phase 
purity and magnetic hardness, is rather complex and expensive as it 
involves multiple thermal treatments (up to 300 ◦C and 50 h) in 
significantly high flows of hydrogen (1 L/min) and ammonia (5 L/min) 
for the processing of only one gram of product, effectively limiting its 
use for a low-cost massive production of FeNi-based permanent 
magnets. 

To overcome the limitations of previously proposed approaches for 
synthesizing the L10-FeNi alloy, we used an effective and easily scaled- 
up synthesis method (Preordered Precursor Reduction) developed by the 
authors of the present work to synthesize MPt (M = Fe, Co, Ni) L10 al-
loys, which allows reducing the energy required to order the metallic 
atoms by exploiting the natural order of crystalline precursor salts [28, 
41–46]. To obtain the FeNi alloy, a crystalline Nickel Nitroprusside 
complex, NiFe(CN)5NO•xH2O, containing Fe and Ni atoms with a 1:1 
ratio arranged on alternating planes resembling the structure of the L10 
alloy (Fig. 1), was used as precursor to drive the formation of the L10 
phase by low-temperature treatments in a reductive atmosphere. 
Differently to conventional approaches where thermal processes are 
exploited to induce the disorder/order transition, the proposed strategy, 
for which a patent application was recently filed [47], is based on the 
opposite paradigm, that is the preservation during the thermal treatment 
of the chemical order provided by the crystal. 

Crystals of Nickel Nitroprusside, NiFe(CN)5NO•xH2O, were thermal 
treated in H2 atmosphere for different reaction times (12 < t < 72 h) and 
processing temperatures (250 < Tp < 450 ◦C); the resulting powders 
were then analysed for their structural, morphological and magnetic 
properties (details are shown in Supplementary Materials). In the 

following, the properties of two representative samples obtained at Tp =

290 ◦C (S290) and Tp = 400 ◦C (S400), i.e., at processing temperatures 
either slightly lower or higher than TO-D, respectively, are discussed to 
demonstrate the feasibility and the effectiveness of the proposed syn-
thesis method. The samples were obtained after a treatment of 24 h, as 
no further improvements of the magnetic properties were observed for 
longer reaction times (Fig. S1a and c, Supplementary Materials). 

The main results of the structural and microstructural analysis of 
samples S290 and S400 are summarized in Fig. 2. Both the samples show 
an XRD pattern (Fig. 2a and b) that is characteristic of the FeNi metal 
alloy. Other phases, such as Fe/Ni oxides (e.g., NiO or Fe2O3, Fe3O4), 
which would affect, if present, the magnetic properties of the material, 
were not detected (see Fig. S2 in Supplementary Materials for an XRD 
logarithmic plot). A univocal attribution of the reflections to the 
tetragonal or to the cubic phase is not possible by using a conventional 
X-ray source, as in our case. This is because of the small difference be-
tween Fe and Ni X-ray scattering factors, resulting in extremely weak 
superlattice reflections (originating from the alternate stacking of Fe and 
Ni planes along the c direction), which assume a maximum value of 
0.3% of that of the fundamental (111) peak for the case of the strongest 
superlattice (001) reflection at 2θ ≈ 25◦. In addition, the slight differ-
ence between the lattice parameters of the two phases (afcc = 3.603 Å; 
afct = bfct = 3.582 Å and cfct = 3.607 Å [48]), with a c/a ratio in the 
tetragonal structure very close to 1, leads to a tiny splitting of funda-
mental peaks. Furthermore, as shown from the Mössbauer results re-
ported below, only a fraction of the L10 phase is present, further 
reducing the intensity of superstructure reflections. From the Rietveld fit 
of the XRD data, an average crystallite size of 24 ± 1 and 83 ± 2 nm was 
derived for samples S290 and S400, respectively, thus suggesting an 
increase of the powder’s crystallinity induced by the higher processing 
temperature. Regarding the morphology, TEM analysis of sample S290 
(Fig. 2c and d) indicates that the FeNi powders consists of 
micrometer-size aggregates of nanoparticles ranging in between 20 and 
120 nm. A deeper inspection shows that most of the particles are 
rounded (white dashed circles) with a mean size of 40 – 50 nm, while a 
minority fraction consists of spherical particles with sizes in the 20 to 40 
nm range and few larger particles that rarely reach 120 nm. Moreover, 
the images show that the particles’ aggregates are surrounded by a 3 – 7 
nm thick carbon shell (Fig. 2d) originating from the precursor. 
Increasing the processing temperature (S400), does not lead to a sig-
nificant change of the morphology that still consists of micrometer-size 
aggregates of nanoparticles coated by a thin carbon shell (Fig. 2e and f). 
TEM-EDX analysis (Fig. S3a) on different areas of the samples confirms 
that the nominal 1:1 stoichiometry of the alloy is maintained both 
considering point and selected area measurements. This is also proved 
by the homogeneous distribution of Ni and Fe all over the particles as 
shown in the elemental mappings reported in Fig. S3b and the almost 
perfect overlapping of Ni and Fe composition profile along a line 
(Fig. S3c and d). Apart from Fe, Ni and C, TEM-EDX analysis shows the 
presence of a very small amount of Na and O impurifies (from 1 to 3 in 
atomic%), likely deriving from the synthesis of Nickel Nitroprusside (see 

Fig. 1. Schematic representation of the 
synthesis process. Crystals of Nickel 
Nitroprusside, NiFe(CN)5NO•xH2O, are 
used as precursors to obtain L10-FeNi 
nanoparticles by low-temperature 
reduction in H2 atmosphere. For clarity 
of representation, only the metal atoms 
(Fe in red and Ni in blue) are high-
lighted in the crystallographic structure 
of the precursor complex, while all the 
other elements (C, N, O, H) are shown in 
white. Fe and Ni atoms lie on alternating 
planes highlighted in red (Fe) and blue 
(Ni) resembling the atomic arrangement 
of the L10 FeNi structure.   
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Materials and Methods, Supplementary Materials), which does not affect 
the final properties of the powder. 

Although the samples present similar structural and morphological 
properties, the magnetic behavior is clearly different as shown in Fig. 3, 
reporting on the field-dependent magnetic loops measured at 25 ◦C. 
Both the samples present a high saturation magnetization (~140 Am2/ 
Kg), which is slightly lower than the bulk value (154 Am2/Kg), likely 
because of the presence of the non-magnetic carbon shell originating 
from the precursor complex. On the other hand, a significant variation of 
the coercive field is observed as the experimental conditions change. At 
Tp < TO-D the coercivity assumes a rather high value (μ0Hc ≈ 56 mT), 
which is not compatible with the A1 phase of the FeNi alloy; when the 
processing temperature is increased above TO-D, the coercivity 

significantly reduces to ~19 mT. 
To reveal the source of such pronounced difference in magnetic 

performance between the two samples, Mössbauer spectroscopy was 
performed at room temperature. This technique is indeed sensitive to the 
local neighborhood of Fe, which varies according to the chemical order 
of the alloy, thus allowing identifying the presence of the L10 phase [49]. 
The spectra (Fig. 4a and c) consist of six broad and asymmetrical lines 
and a singlet in low percentage. Due to the asymmetry of the lines, the 
spectra cannot be modelled neither using one singlet and one sextet with 
broad lines nor one singlet and one hyperfine magnetic field distribution 
(HMFD). Then, for a correct fit of the spectra, another approach is 
proposed, involving two HMFDs and one singlet corresponding to two 
ferromagnetic phases and a paramagnetic one, respectively. Conse-
quently, the magnetic hyperfine structure was divided into two inde-
pendent components associated with HMFD and different values of 
isomer shifts to describe the asymmetry of the lines. The HMFDs esti-
mated from the proposed model are shown in Fig. 4b and d. Two prin-
cipal domains were observed and associated to the ferromagnetic 
sub-spectra: the high-field component (mean value: 32.5 – 33 T) can 
be attributed to the A1 phase, while the low field component (mean 
value: 29.5 – 30 T) can be ascribed to the L10 phase [49] (Table S1, 
Supplementary Materials). The analysis of the Mössbauer spectra clearly 
indicates the presence of both phases in the two samples. The estimation 
of the percentage of the L10 phase is roughly determined, because of the 
overlapping, by the area underlying the distribution of the hyperfine 
magnetic fields. This percentage is maximum in the case of the S290 
sample (~58%), which also has the highest coercive field value, and 
decreases to ~33% in the S400 sample, thus resulting in a lower coer-
civity related to the increase of the cubic A1 phase percentage, whose 
formation is thermodynamically favoured at Tp > TO-D. A deeper insight 
into the effect of the processing temperature shows that the coercivity 
reduces with the increase of the temperature in a way that resembles the 
reduction of the L10 content (Fig. 5). Such a striking parallelism strongly 
suggests that the coercivity evolution is primarily driven by a change in 
the intrinsic magnetic anisotropy resulting from the formation of the L10 
phase. Slightly differences in the samples’ morphology (e.g., size of 
particles/aggregates, density of local defects, etc.), are likely to have a 

Fig. 2. (a, b) XRD patterns of samples (a) S290 and (b) S2400. (c – f) TEM images at different magnifications of samples (c, d) S290 and (e, f) S400.  

Fig. 3. Field-dependent magnetization loops of samples S290 and S400 
measured at 25 ◦C. In the inset, a magnification around the coercive fields 
is reported. 
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minor influence. 
The formation of the L10 phase is further substantiated by two 

additional experimental findings. First, the direct current demagneti-
zation (DCD) curve of sample S290 (Fig. S5, Supplementary Materials), a 

measurement sensitive only to irreversible processes, shows a rema-
nence coercivity (~80 mT) that is 40% higher than the coercivity (~56 
mT). This implies the presence of reversible processes, likely connected 
to very small isolated particles that are superparamagnetic at room 
temperature; indeed, the limiting diameter for the transition to the 
superparamagnetic regime (at room temperature and in a standard time 
measurement of about 100 s) [50,51] can be approximated to ~10 nm 
for the L10 phase (K ~ 5 × 105 J/m3) and ~45 nm for the A1 phase (K ~ 
0.6 × 105 J/m3) [52]. Their presence suppresses the coercive field, 
which could potentially increase up to ~80 mT by controlling particle 
size. Moreover, by treating the S290 sample with a 0.1 M HCl solution, 
which preferentially dissolves the chemically disordered phase [48], 
results in an enhancement of the coercivity up to ~65 mT (Fig. S6, 
Supplementary Materials), which may be ascribed to the increase of the 
L10 phase percentage. 

The combined analysis of the field-dependent magnetization loops 
and the Mössbauer spectra demonstrates that the initial order of the 
crystalline complex favors the formation of the ordered phase that is 
maximum in percentage when the processing temperature is slightly 
lower than the order/disordered transition temperature. When Tp > TO- 

D, the thermodynamics of the process tends to favor the formation of the 
disordered phase by contrasting the initial order of the crystalline 
complex with a consequent reduction in the percentage of the L10 phase 
and, consequently, of the coercivity. 

In summary, we developed a novel and efficient strategy, which al-
lows synthesizing highly ordered L10-FeNi powders under much more 
favorable conditions compared to other approaches. The method ex-
ploits the natural order of a crystalline Nickel Nitroprusside complex, 
resembling the atomic arrangement of the L10 structure, to drive the 

Fig. 4. (a,c) Mössbauer spectra of samples (a) S290 and (c) S400 collected at 25 ◦C. The experimental data are shown by the white dots and the fittings are shown by 
continuous lines on the measured data. The individual sub-spectra forming the fitting line are indicated by blue/red (ferromagnetic components) and green 
(paramagnetic component) lines. (b,d) Hyperfine magnetic field distribution (HMFD) of the two sub-spectra corresponding to the ferromagnetic components of 
samples (b) S290 and (d) S400. 

Fig. 5. Evolution of the (a) coercivity and (b) L10 content, as obtained from the 
fitting of the Mössbauer spectra, as a function of the processing temperature 
(Tp). The field-dependent magnetization loop and the Mössbauer spectra of 
samples synthesized at 320 ◦C and 360 ◦C (t = 24 h) are reported in Figs. S1d 
and S4 (Supplementary materials), respectively. 
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formation in a reasonable time (< 24 h) of the ordered FeNi phase by 
simple low temperature reduction (< 300 ◦C) of the precursor complex 
in a low hydrogen flow (0.01 L/min at steady state). By properly 
adjusting the experimental conditions, carbon coated (2–7 nm) aggre-
gates of FeNi alloy nanoparticles (20 – 120 nm) with a >55% of L10 
phase, high coercivity (up to 65 mT) and large saturation magnetization 
(~ 140 Am2/kg, close to the bulk value) were obtained. Despite the 
rather high percentage of chemically ordered phase that was obtained, 
the coercivity is not yet optimal for a high-performance permanent 
magnet, likely because of a not perfect chemical order of the L10 phase 
[53] and/or the specific morphology of the sample consisting of 
micrometer-size aggregates of nanoparticles. Although further actions 
are necessary to enhance the fraction of the ordered phase and improve 
the overall magnetic properties, the results clearly prove the effective-
ness and high potential of the developed strategy, which can also be 
extended to other complexes with a 1:1 Fe/Ni ratio (e.g., Fe(H2O)2Ni 
(CN)4) [47]. The results of our study lay the groundwork for pioneering 
a novel and efficient chemical synthesis methodology to obtain 
high-anisotropy FeNi nanoparticles. With further refinement, these 
nanoparticles may serve as the components for manufacturing 
next-generation permanent magnets free of critical raw materials. 
However, substantial optimization of post-synthesis processes remains 
imperative before these materials can be used for this purpose. For 
instance, consolidation methods must be developed to assemble the 
nanoparticles into dense compacts while retaining the magnetic prop-
erties of the constituent materials. Additionally, techniques to tailor and 
control the alignment of the nanoparticles’ easy axes of magnetization 
relative to the macroscopic geometry must be developed. Overcoming 
these processing challenges will be essential to fully capitalize on the 
unique our strategy for manufacturing critical-element-free permanent 
magnets. 
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