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Abstract 

People have been studying permanent magnets (PMs) for a long time, even before the term “materials science” 

existed. Due to the unique properties and various applications, the development of PMs has completely changed 

modern technology. The need for rare-earth-free (REF) PMs has drawn a lot of attention due to the rising cost and 

depleting reserves of rare-earth (RE)-base PMs. The materials with L10-ordered tetragonal structures have 

excellent magnetic properties. The high magnetic anisotropy of the L1₀ structure originates from its chemically 

long-range ordered arrangement of alternating monoatomic layers. L10-ordered magnetic materials have 

therefore attracted a lot of attention in the production of strong non-RE PMs. L1₀-ordered magnetic materials, 

including Fe-based alloys (FePt, FeNi), CoPt, and Mn-based compounds (MnAl and MnGa), exhibit outstanding 

magnetic performance, making them suitable for permanent magnet applications. This chapter discusses the L10- 

ordered rare-earth free (REF) permanent magnets (PMs) materials and their future applications. 

Keywords: Permanent magnets, L10-type magnetic materials, rare-earth free materials, magnetic anisotropy  

1. Introduction 

It is widely accepted that permanent magnets are crucial parts of modern energy and technological 

systems. Modern technology like Audio Equipment, computer hard disk drives (HDDs),Motors and 

Generators, Medical Devices all make extensive use of permanent magnets (PMs)[1][2]. In systems such 

as hard disk drives (HDD), the magnetization of permanent magnets can offer a stable mass storing of 

data, which is another important use in information technologies. Permanent magnets have most recently 

been used in newly developed nanoscale devices like magnetic random-access memory (MRAM)[3], [4], 

[5], [6], [7], [8]. The most notable feature of permanent magnets is their capacity to maintain a high 

magnetic flux in the application environment without an imposed magnetic field, which makes them 

crucial for the applications mentioned above. The maximal energy product (BH)max (in J/m
3
 or MGOe), 

this provides an approximation of the potential magnetic flux density stored in the magnet, is the quality 

factor of permanent magnet's. High thermal stability and high value of (BH)max permanent magnets are 

much sought after for sophisticated applications. The production of high-performance magnets has 

advanced significantly over the past century with the discovery of rare‐earth (RE) PMs like SmCo5, 

Sm2Co17, and Nd2Fe14B[1], [9], [10]. For example, Nd2Fe14B magnets have energy products up to 400 kJ 

m
-3

 (50 MGOe), which is an order of magnitude greater than those of conventional ferrite or Alnico 

magnets[11], [12]. Despite their benefits, there are significant supply issues with RE-based magnets. The 

manufacturing of permanent magnets with superior performance, which are utilized in almost all 

contemporary technologies, requires RE elements, specially Nd, Dy, and Tb[13], [14], [15], [16], [17], 

[18]. On the other hand, only a few nations produce RE materials, and China is the main producer. The 

detrimental effects of mining and processing RE elements on the environment, in addition to their 

geological shortage, are other important concerns [19], [20], [21], [22]. In context, researchers were 

investigated several non-rare earth materials to find exceptional magnetic characteristics. In the early 

1900s researchers discovered L10-ordered non RE materials, shows extraordinary magnetic properties 

which are useful for PM applications. Fe-Pt, CoPt, and Mn-based MnAl, MnGa, and other L10-ordered 
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magnetic materials have good magnetic characteristics that make them appropriate for PM 

applications[23], [24], [25]. This chapter covers the latest developments in permanent magnets based on 

non-rare earth L10-ordered elements, including a detailed analysis of their magnetic behavior and 

practical uses. 

2. L10-type magnetic materials 

Materials possessing the L1₀-ordered tetragonal crystal structure, initially associated with the CuAu-I 

phase in the early 1900s, were subsequently discovered to have exceptional magnetic properties. The  L10 

phase is a chemically ordered structure derived from a disordered Face-Centered Cubic (FCC) alloy. It 

usually occurs in binary systems that are equiatomic. Instead of a random mixture, the atoms separate 

cleanly into alternating horizontal sheets along the z-direction(c-axis), where one type of atom typically 

appears at the unit cell's corners (0,0,0), and the other type is found on the cell's face at (1/2, 1/2, 1/2). 

Because the two elements have different atomic sizes, this orderly layering force the unit cell to contract 

or expand vertically Therefore, the conventional cubic symmetry is broken, the cell becomes a Face-

Centered Tetragonal (FCT) lattice. The vertical height (c-axis) becomes shorter than the horizontal width 

(a-axis), resulting in a lattice ratio of (c/a < 1). The L1₀-ordered tetragonal phase exhibits significant 

magnetic anisotropy due to its long-range chemical ordering of alternating atomic layers, with the easy 

magnetization axis parallel to the c-axis.[23], [24], [25], [26], [27], [28]. 

3. L10-MnAl 

 

Fig.1. Phase diagram of MnAl system. Reproduced from [29] with permission from Springer Nature. 

Copyright© 2016 Springer Nature.  
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Fig. 2. Diagrammatic depiction of the lattice relationship between the ε, ε
/
, and L10 τ phases with closely 

spaced planes oriented parallel. Reproduced from [29] with permission from Elsevier. Copyright © 1979 

Elsevier. 

Within the P4/mmm space group, τ-phase MnAl crystallizes like the L10-structure and displays hard 

ferromagnetic characteristics[30]. The τ-phase MnAl possesses a large magnetocrystalline anisotropy 

energy of 1.525 MJ/m³, highlighting its strong potential for use in high-performance permanent 

magnets[31]. The MnAl shows  τ-phase when the Mn composition range between 51–58.5 at%[32]. 

Along with ferromagnetic τ- phase MnAl shows some additional anti-ferromagnetic γ2-MnAl phase with 

a Ideal composition  of Mn5Al8 and β-Mn phase at Mn > 58.5 at%[33], [34]. Fig.1. shows the phase 

diagram of MnAl system. Preparation of τ- Mn-Al alloys is a difficult task because the presence of anti-

ferromagnetic γ2-MnAl and β-Mn phase, which affects the ferromagnetism of τ- Mn-Al. Therefore, most 

suggested way to synthesis τ- Mn-Al  is derived from the anti-ferromagnetic ε-MnAl phase. When MnAl 

anneal at above 870
0
C followed by rapid cooling, which form ε-MnAl phase. Then annealing with 

temperature range between 350 to 650
0 

C causes the ε to τ-MnAl phase transformation[35], [36], [37] 

.Van den Broek et al. investigated that the ε-phase experiences a diffusional reordering into an 

intermediate ε
/
-phase upon chilling at a medium cooling rate of 10–20 K/min. Then additional shear 

mechanism that converts the ε-phase with an L10 structure into the τ-phase. Fig.2. Diagrammatic 

depiction of the lattice relationship between the ε, ε
/
, and L10 τ phases. Fang et al. theoretically analyzed 

the magnetic properties of MnAl systems, they have demonstrated relatively high magneto-crystalline 

anisotropy of 17Merg/cm
3
 (1.7MJ/m

3
), TC=650K, and maximum energy product (BH)max=12.4MGOe 

(98.7 kJ/m
3
)[38]. Thus, it has good potential for permanent magnet applications. P. Saraswathi et al. 

prepared powder Mn54Al46 through heat-free high-energy ball milling, they obtained magnetic properties 

of Hc = 3.0 kOe, Mr = 0.05 emu/g, Ms = 0.19 emu/g, and (BH)max = 432 J/m
3
(0.054 MGOe) [39]. 

MnxAl(0.7 ≤ x ≤ 3) films deposited on GaAs(001) substrate with CoGa underlayer at 200
0 

deposition 

temperature then annealed at 200
0
C for 20 min, obtained coercivity of  0.22 to 5.38 T and (BH)max=52.18 

kJ/m
3 

(6.56MGOe) Hongli Sun et al.[40]. According to reports, C-doped MnAl alloy has improved 

machinability, mechanical qualities, and structural stability. The Mn₅₄Al₄₆ alloy prepared using arc-

melting, melt-spinning, and post-heat-treatment processes without carbon exhibited promising magnetic 

properties at room temperature, including a saturation magnetization of 650.5 kA/m, a coercivity of 0.5 

T, and a (BH)max value of 24.7 kJ/m³ (3.10 MGOe). The Curie temperature of Mn₅₄₋ₓAl₄₆Cₓ alloys 

decreases with carbon incorporation, while the saturation magnetization is retained at a comparable level.  

javascript:;
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4. L10-type MnGa 

    Hames et al. initially reported the ferromagnetic phase of MnGa in 1948[42]. The MnGa shows  L10-

phase when the Mn composition range between 65–74.5 at%[43]. When single crystal Mn1-xGa x  

(x=62±2 %) thin films grown on GaAs form thermodynamically stable ẟ-phase (L10) reported by 

Kannan[44]. Further Tanaka et al. use Molecular Beam Epitaxy (MBE) on GaAs substrates to create the 

stable ferromagnetic phase MnxGal-x (x=0.55–0.60).[45]. When L10-Mn1.5Ga films grown on GaAs(100) 

substrate, the film produced coercivity of 42.8 kOe and (BH)max of 2.60 MGOe (20.7 kJ/m3) at room 

temperature[46].Recent study shows that by adding third element like Al, Pt and C able to tuned the 

magnetic characteristics of  L10-MnGa[47], [48]. Substitution of Al and C can tuned the lattice parameter 

c[47]. Pt doping on L10-MnGa can increases the out-of-plane coercivities. The coercivity of the 

Mn60Ga40 alloy was 441.08 kA/m. Coercivity peaked at 1172.77 kA/m with a 15% Pt content[48].  

Overall research indicates that the L10-MnGa alloy's atomic makeup and manufacturing method have a 

major influence on its magnetic characteristics. 

5. L10-type FePt and CoPt 

   The study of the novel magnetic materials is of great interest among the researchers owing to their 

unique magnetic properties towards the fulfilment of current demands for technological advancements. 

Out of different classes of magnetic materials, 3d transition metal based ferromagnetic alloys are gaining 

a kind of special interest, as their extensive applications spanning primarily from energy generation to 

harvesting inevitably fulfils our everyday essential needs [49], [50]. The partially filled 3d-electrons in 

ferromagnetic Fe, Ni and Co, i.e. the presence of unpaired electrons in their valance shell contribute to 

the overall spin magnetic moments, making them responsible for their observable magnetic behavior. 

Because of their superior structural and magnetic qualities, both theoretical and experimental 

investigations on alloying transition metals with platinum (Pt) have garnered a lot of interest in the last 

two decades[51], [52], [53], [54], [55],and ordered binary FePt and CoPt has been identified as promising 

hard ferromagnetic alloys over other contemporary materials. Moreover, FePt and CoPt alloys are among 

those potential candidates towards the development of rare-earth free permanent magnets and 

continuously expanding their territory for numerous spintronic specific device applications[52], [53], 

[54], [55], [56].  

     Platinum-based alloys, however, outperform traditional rare-earth magnets in a number of different 

ways. These are- 

1. FePt and CoPt are well known for their extraordinary magnetic characteristics. Their special L10 

crystal structure, which has the maximum magnetic anisotropy, keeps them from rapidly 

demagnetizing at the nanoscale level, where other magnets would fail miserably. 

2. Conventional magnets entirely lose their magnetism at sizes smaller than 10 nm because of 

temperature fluctuations, while FePt and CoPt can retain permanent magnetism even at these 

sizes.  

3. High temperatures cause conventional NdFeB magnets to lose their magnetism, while FePt and 

CoPt's exceptional heat tolerance allows them to retain their thermal stability and magnetic 

characteristics. 

4. Rare-earth metals like neodymium and dysprosium are extremely sensitive, prone to severe 

supply chain chokepoints and price volatility, whereas platinum is pricey. Developing alloys 

based on platinum avoids these geopolitical problems. 
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Structural Property 

Fe and Co being 3d transition metal ferromagnets, while platinum, one of the most precious silvery-white 

5d transition metals, widely recognized for its remarkable resistance to corrosion, high melting point, 

chemically inert along with other excellent physical and chemical properties. FePt and CoPt are very 

closely related binary transition metal-Pt alloys. They have gathered particular attention from the 

research community due to their intrinsically very high magnetocrystalline anisotropy energy 

(MAE),arising from the strong spin–orbit interaction of Pt with Fe or Co atoms [50], [57].By definition, 

MAE is the dependence of a material’s magnetic property with respect to its crystallographic directions 

and accordingly a magnetic material can have easy (requires lower energy to reach up to saturation 

magnetization) and hard axis (higher amount of energy is required for saturation) directions within the 

crystal. At ordinary temperatures, FePt (or CoPt) alloy thin films don’t possesses enough thermal energy 

for the formation of ordered structure, and hence they typically form a disordered face-centered cubic 

structure (fcc). This disordered structure transforms into a highly ordered face-centered tetragonal (fct or 

L10 phase) structure followed by high temperature processing such as heating the substrate during 

deposition and/or post annealing of the room temperature deposited sample which assist to get past the 

energy barrier that prevents atomic diffusion[49], [50], [51].It enables the disordered arrangement of Fe 

(or Co) and Pt atoms to rearrange themselves in layered stacks directed along c-axis of the lattice 

followed by establishment and stabilization of the L10ordered FePt (or CoPt) phase. During chemical 

ordering in the L10 phase, the interplay between strong spin-orbit coupling agent Pt and hybridization of 

Pt 5d bands with Fe or Co 3d bands results in a huge value of MAE constant[54], [55] .This phase 

transformation breaks the cubic symmetry, the a-axis of FePt (or CoPt)lattice expands and shrinkage of 

the c-axis facilitates tetragonal lattice formation, which can be experimentally verified by X-ray 

diffraction (XRD) analysis of ordered and disordered alloy phases [57]. 

 

Fig.3. Crystal structure of FePt alloy in the ordered (L10fct) and disordered (fcc) state (left image) and 

corresponding x-ray diffraction patterns (right image). Reproduced from [57] with permission from 

Elsevier. Copyright © 2016 Elsevier. 
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Table-1: structural and magnetic characteristics of FePt and CoPt alloys[50]. 

Material at.  % 

of Pt 

Space 

group 

Structure a = b  

(nm) 

c  

(nm) 

Ku 

(10
7
 

erg/cc) 

Ms 

(emu/c) 

Tc 

(K) 

FePt 50 Fm3m A1 fcc 0.381 0.381 - - - 

FePt 50 P4/mmm L10 fct 0.3853 0.3713 6.6 1140 750 

CoPt 50 Fm3m A1 fcc 0.3768 0.3768 - - - 

CoPt 50 P4/mmm L10fct 0.3803 0.3701 4.9 800 840 

 

Magnetic Property 

The ordered-disordered phases of the crystalline structure of these alloys directly reflects in their 

magnetic properties. The atomic composition of the individual element, film thickness, and substrate type 

are some of the considerable factors that affect the disorder–order transition temperature. Although, FePt 

(or CoPt) possesses similar crystal structure, exhibit large spin-orbit coupling due to Pt, they differ 

greatly in terms of magnetic parameters. This difference comes from the magnetic moment contribution 

from Fe, Co and Pt atoms, the contribution to total spin moments from Pt atoms is much less compared to 

Fe and Co atoms in all the binary transition metal-Pt alloys systems[53].A summary table comprising the 

comparison of structural and magnetic characteristics of FePt and CoPt alloys has been listed in table 

1.The fcc phase of FePt (or CoPt) is characterized by soft magnetic nature and usually less preferred from 

application viewpoint, while fct phase emerges with high value of coercivity (Hc ~ 20kOe), saturation 

magnetization (Ms ~ 1100 emu/cc), uniaxial MAE, (Ku ~ 10
7
 erg/cc) and high Curie temperature (Tc ~ 

750K) which are essential for practical applications in permanent magnets and data storage industry. In 

experiments, Ku seems to be highly dependent on the degree of chemical order, which reveals the 

excellence of the L10 phase. The high Ku values of these alloy stabilizes the thermal fluctuations by 

overcoming superparamagnetic effect and enable to obtain particle size reduced to ~4nm, an ultimate 

necessity for achieving high areal density of stored bits (~ 10 Tb/in
2
) in future recording media such as 

heat assisted magnetic recording (HAMR)[58]. Also, high Tc value of FePt and CoPt alloys makes them 

suitable for HAMR media design [57]. 

Applications 

A recent study on L10 FePt thin films has demonstrated its potential application as a cover layer for MFM 

(Magnetic Force Microscope) tips. They have reported an enormous coercivity of 13.2 kOe in 20 nm thin 

Fe51Pt49 thin films and then practically used it to record distinct, high resolution MFM images[59] . 

Another study on L10FePt granular thin film with hexagonal boron nitride (hBN) as a grain boundary 

material investigates the microstructural as well as magnetic properties for HAMR (Heat Assisted 

Magnetic Recording) applications. The authors have reported successful fabrication of 16 nm thin FePt-

hBN granular media allowing well-isolated and high aspect ratio magnetic grains with superior 

microstructure and magnetic properties.  
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Fig.4. Magnetization curves of electrodeposited 5 nm ultrathin CoPt films along both in-plane and out-of-

plane directions. Reproduced from [61] with permission from Elsevier. Copyright © 2025 Elsevier. 

On the other hand, Suzuki et al. has observed perpendicular magnetic anisotropy (PMA) in 

extremely thin (~ 3 nm) CoPt films using electrodeposition technique for 3D domain-wall motion 

memory (3D-DWMM) recording layer applications[60]. Similar studies on 5 nm ultrathin CoPt film 

manifests high PMA (Ku ~ 4.33Merg/cc) and coercivity as high as 2.4 kOe [61]. The produced CoPt 

films hold great potential for the creation of next-generation magnetic memories with ultrahigh recording 

densities and magnetic tunnel junctions (MTJs) with improved tunnel magnetoresistance effects. More 

recently, spin-orbit torque (SOT) driven magnetization switching measurements conducted using CoPt 

alloy films without the support of an externally applied magnetic field emerges as a hot topic of research 

in scientific community. The single layer CoPt film has showed its ability to behave as current induced 

perpendicular magnetization switching where magnetization flipping has been observed with an in-plane 

electrical current which can generate sufficient torque.  For low-power non-volatile memory and logic 

devices, it is a basic prerequisite. This has been observed in a compositionally graded CoPt single layers, 

where internal inversion symmetry breaking from a composition gradient enables field-free SOT 

switching of perpendicular magnetization at room temperature without the need for an external magnetic 

field [56]. 

6. Conclusion 

    The production of RE-free permanent magnets offers an appropriate path to resource-resilient and 

sustainable magnetic materials. In this chapter, we have discussed an overview of the fundamental 

principles and important properties of L10-type magnetic materials. However, none of the L10-type 

magnetic materials have yet attained the theoretical maximum energy product, which is a crucial standard 

for practical practicality. Achieving superior performance at a reduced cost, particularly by lowering the 

cost per unit of (BH)max to match or outperform existing REE magnets, is the key priority. Given the 

performance of the materials and the market demand, rare-earth permanent magnets will continue to play 

a significant role in permanent magnet applications for the foreseeable future, despite advancements in 

the quest for new rare-earth-free magnets. 
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