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Abstract. Neodymium-based permanent magnets (Nd2Fe14B) are the potential permanent 

magnets for use in various applications due to their high magnetic field strength and resistance 

to demagnetisation. These magnets have various applications in wind turbines and electric 

vehicles due to their exceptional magnetic properties. However, they suffer from low operating 

temperatures below 585 K.  In this study, we investigate the electronic, magnetic, and mechanical 

properties of neodymium magnets using the first-principle density functional theory approach. 

Nd2Fe14B was found to be thermodynamically stable since the heats of formation were negative. 

However, it was found that Nd2Fe14B is mechanically unstable. Moreover, the density of states 

was calculated to predict the electronic stability of the permanent magnets  which is in agreement 

with the calculated heats of formation. The phonon dispersion curves were also calculated and 

Nd2Fe14B is found to be vibrationally unstable due to the presence of soft modes. The calculated 

magnetic moment compares well to the experimental findings. The substitution of Nd with 

available rare earth elements is suggested to enhance the stability and magnetic properties of the 

magnets. 

Keywords: Nd2Fe14B magnets, Permanent magnets, Density functional theory, Magnetic 

properties.  

1. Introduction 

Permanent magnet is a material that retains its magnetic properties because of its intrinsic structure [1]. 

PM includes a variety of magnets including alnico, ferrite, ceramic, and rare-earth magnets. They are 

used in a variety of applications including motors, generators, sensors, transducers, mechanical devices, 

lutches, magnetic fields, and imaging systems [2]. Rare earth magnets (RE) are strong permanent 

magnets made from rare earth elements. However, REs are extremely brittle and very susceptible to 

corrosion; they are usually plated or coated to prevent corrosion [3].  

There are two types of well-known rare earth magnets namely samarium cobalt (SmCo5) magnets 

and neodymium (NdFeB) magnets, with SmCo5 magnets being less common due to their higher cost and 

lower magnetic field [4]. The strongest rare earth magnets are sintered NdFeB magnets, which have the 

highest energy product of any commercial PM material [5, 6]. These magnets are used in cutting-edge 

technological applications. In addition, experimental studies show that the highest magnetic properties 

were obtained at the highest milling time, suggesting that milling time increases the value of the magnetic 

properties. Small crystal sizes are required to obtain high magnetic properties in neodymium magnets  

[7]. Neodymium magnets have been reported to have high magnetic field strength and resistance to 

demagnetization. However, they suffer from extremely low operating temperatures, known as the Curie 

temperature (Tc) below 585 K [3]. In addition, the anisotropy field suffers a significant decrease with 

increasing temperature  [8, 3]. 

In this work, we study the stability of Nd2Fe14B magnets using density functional theory (DFT) 
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techniques. Heats of formation, densities of states, elastic constants and phonon dispersion curves of 

Nd2Fe14B structures were investigated. The calculations indicate that Nd2Fe14B is vibrationally unstable 

However, it was found that Nd2Fe14B does not meet the tetragonal stability criteria, which is attributed 

to the mechanical instability of the material. In addition, the density of states was also calculated to 

predict the electronic stability of the permanent magnets.

2. Methodology 

The calculations were carried out using ab initio density functional theory (DFT) [9] formalism as 

implemented in the Vienna ab initio simulation package (VASP) [10] with the projector augmented 

wave (PAW) [11]. An energy cut-off of 400 eV was used, as it was sufficient to converge the total energy 

of the tetragonal Nd2Fe14B magnets. For the exchange-correlation functional, the generalized gradient 

approximation of Perdew, Burke and Ernzerhof (GGA-PBE)sol [12] was chosen. The suitable k-points 

mesh according to Monkhorst and Pack [13] of 6x6x3 was used. A tetragonal Nd2Fe14B structure with 

68 atoms was used (Figure 1). The phonon dispersion spectra were evaluated using PHONON code [14] 

as implemented in MedeA software.  
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Figure 1. The atomic arrangement unit cell of the Nd2Fe14B system with a space group P42/mnm. 

 

3. Results and discussion 

3.1 Structural and Thermodynamic Properties 

In Table 1, the lattice parameters and heats of formation for the tetragonal Nd2Fe14B magnets are 
discussed. The magnet is a tetragonal structure consisting of a 68-atom unit cell and a space group of 
P42/mnm, with atoms arranged in an eight-layer structure, 56-Fe, 8-Nd and 4-B atoms. The calculated 
a parameter of Nd2Fe14B was 8.249 Å whereas the c parameter was 12.12 Å. The results of the 
equilibrium lattice parameters agree with available experimental values (a = 8.82 Å and c = 12.25 Å) to 
within 6%. In addition, the heats of formation were calculated to determine the thermodynamic stability 
of the structure. The equation for determining the heats of formation (∆𝐻𝑓) is given by [23]:  

∆𝐻𝑓 = 𝐸𝑐 − ∑ 𝑥𝑖𝐸𝑖

𝑖

,

    

where Ec is the calculated total energy of the compound, Ei is the calculated total energy of element i in 

the compound. For a structure to be stable, the heat of formation must be negative; otherwise, a positive 

value indicates instability. Table 1 displays the heats of formation results for Nd2Fe14B magnets. The 

heats of formation for the Nd2Fe14B permanent magnet were found to be -6.499 eV/atom, indicating the 
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thermodynamic stability of the magnet. 

Table 1. Lattice parameters and Heats of formation (∆Hf) of the Nd2Fe14B magnets. 

Structure Lattice parameter (Å) ΔHf (eV/atoms) 

Calculated Experimental [3] 

Nd2Fe14B 
a = 8.25 

b = 8.25 

c = 12.12 

a = 8.82 

b = 8.82 

c = 12.25 

-6.499 

 
3.2. Density of states 

To further understand the difference in electronic structures of the Nd2Fe14B magnets, the partial density 

of states (DOS) are determined and the plots are shown in Figure 2 below. The partial density of states 

(PDOS) was calculated to determine the contribution of Nd, Fe, and B atomic orbitals. We note that the 

lower energy side is dominated by sets of peaks originating primarily from the d states of Fe, p states, 

and s states of B. On the lower energy side, the Fe 3d orbitals dominate from the Fermi level (0 eV) to -

6 eV, while the B s-orbital is responsible for the peaks at -8 eV and –9 eV. The peaks of Fe 3d-states are 

clustered from -5 eV to 1 eV whereas B peaks around -5 eV to 0 eV, -8 eV and -9 eV. The highly 

localized Nd peaks are found to be located clustered around the Ef as shown in Figure 2. The f states of 

Nd are responsible for the higher energy peaks. We observe that f states of Nd and d states of Fe 

contribute to the observed peaks in the conduction band, with f states of Nd dominating. Boron does not 

influence the conduction band. Both Fe d-orbitals and Nd f-orbitals are responsible for the peaks at the 

Ef. The s and p orbitals of both Nd and Fe contribute less to the Ef peaks. The total DOS for Nd2Fe14B is 

dominated by the Fe 3d states as shown in Figure 2. In the Ef, the extremely localized peaks are observed 

to be clustered. Moreover, the Ef hits the DOS at the pseudogap which suggests that the structure is 

stable. As has been seen in the heats of formation, our total density of states calculations confirms that 

the Nd2Fe14B structure is electronically stable.  This study compares to a previous report on the tDOS of 

Nd2Fe14B [15].  

 
Figure 2. The total density of states for the Nd2Fe14B permanent magnets. 
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Figure 3. The partial density of states for the Nd2Fe14B permanent magnets. 

3.3.  Elastic Constants 

The elastic constants, bulk, shear, Young moduli, Pugh, Poisson, and anisotropic ratios of Nd2Fe14B magnets 

are listed in Table 2. The following is the condition of tetragonal crystal stability [16]: 

 

𝐶44 > 0, 𝐶66 > 0, 𝐶11 > |𝐶12
| 𝑎𝑛𝑑  𝐶11 + 𝐶12 −

2𝐶13
2

𝐶33
> 0.                                (1) 

The C11 is found to be greater than the absolute of C12 whereas the C44 and C66 are greater than zero. 

Moreover, two elastic constants are negative, namely C13 and C33 with values of -1412.67 and -2594.39, 

respectively. The calculated elastic shear modulus was found to be positive (Cʹ = 110.96). This suggests that 

the computed elastic constants of Nd2Fe14B satisfy tetragonal mechanical stability criteria (eq. 1). To deduce 

the mechanical strength of materials the elastic anisotropy (A) factor is used [17]. If the value of A is 1, the 

material is considered to be elastically isotropic (fewer microcracks within the material) and the degree of 

anisotropy is measured if the material is less than or greater than 1 [18]. Elastic anisotropy for non-cubic is 



 

 

indicated by A1, A2 and A3. The calculated A1, A2 and A3 of Nd2Fe14B magnets all show anisotropic behaviour 

with values of 0.56, 0.31 and 1.79, respectively. 

In addition, we calculated the bulk to shear modulus (B/G) ratio, known as Pugh’s ratio to investigate the 

fracture range or the ductility in these structures. Pugh proposed that material is ductile if Pugh′s ratio is 

greater than 1.75 (B/G>1.75) otherwise brittle [19]. It is found that the B/G of the Nd2Fe14B phase is -14.42, 

which is smaller than 1.75, so Nd2Fe14B is a brittle phase. The magnetic moment of the Nd2Fe14B structure 

was calculated as shown in Table 2 below. The calculated magnetic moment was 35.63 B, which agrees 

well with the experimental values of 35.0 B/f.u or 37.1 B/f.u [20, 3].  

Table 2. Elastic constants, anisotropy, Pugh’s ratio and magnetic moment of Nd2Fe14B permanent magnets . 

Properties Calculated 

C11 472.47 

C12 250.56 

C13 -1412.67 

C16 449.37 

C33 -2594.39 

C44 110.36 

C66 61.82 

Cʹ 110.96 

A1 = 2C66/(C11-C12) 0.56 

A2 = 2C66/(C11-C12) 0.31 

A3 = 2C44/(C11 + C33 -2C13) 1.79 

B/G -14.42 

Magnetic Moment 35.63 

 
3.4. Phonon dispersions curves 

Phonon dispersion curves and phonon density of states (DOS) for the Nd2Fe14B magnets are presented 

in Figure 4. The phonon dispersion is used to investigate the vibrational stability of these magnets, where 

the presence of soft modes in the negative frequency suggests the instability of the material otherwise 

stability. As it has been seen in the elastic properties, our phonon dispersion calculations (Figure 4) 

confirm that the Nd2Fe14B structure is vibrational unstable since there are soft modes observed in the 

phonon calculations. The soft modes are observed along X, M, Z, A, R and Γ directions. There are 

vibrations observed at -27 THz in the negative frequency along the Γ directions which indicate the 

instability of the material. 

There is a small sharp peak along -7 THz which indicates the contribution of Nd, which is also ascribed 

to the DOS peak at 0 THz and 10 THz. Moreover, Fe is ascribed to the DOS peak around 15 THz and it 

is also responsible for vibrations in the negative frequency. B atom has a negligible effect or contribution 

towards the negative frequency, however, it is ascribed to the DOS peak at 18 THz. This suggests that 

Nd and Fe vibrations are responsible for the instability of the Nd2Fe14B structure. 
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Figure 4. Phonon dispersions and phonon density of states for Nd2Fe14B permanent magnets. 

 

4. Conclusions 

The equilibrium lattice parameter, heats of formation, elastic properties, vibrational properties and 

electronic properties of Nd2Fe14B magnets were calculated using ab initio. It was found that the lattice 

parameter for Nd2Fe14B structures is in good agreement with the experimental findings. Nd2Fe14B is found 

to be thermodynamically stable with negative heats of formation, which is in good agreement with the 

calculated density of states. In addition, all of the elastic constants satisfy tetragonal stability criteria. The 

phonon dispersion curves show that the neodymium system is vibrationally unstable due to soft modes 

observed in the negative frequency. In conclusion, Nd2Fe14B magnets are found to be unstable and the 

partial substitution of Nd with RE is suggested to enhance the stability and magnetic properties of magnets. 
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