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ABSTRACT 
 
 

In this dissertation, basic and applied research programs are engaged that range from the 

fundamental magnetism and magnetic properties of ferro- and ferrimagnetic materials to the 

design and fabrication of rare-earth (RE) free permanent and soft magnetic materials for an 

interior permanent magnet synchronous motor (IPMSM) (i.e., motor for electric vehicles and 

plug-in electric vehicles) and heat-assisted magnetic recording media (HAMR) with 4 Tb/in2 

information storage applications.  

The applied research program emphasizes the design and synthesis of new RE-free 

permanent magnetic materials and magnetic exchange coupled core(hard)-shell(soft) particles to 

achieve a high maximum energy product [(BH)max], and the design of an advanced IPMSM based 

on RE-free permanent magnets.  

The electronic structures of hard magnetic materials such as Mn-Al, Mn-Bi, Mn-Bi-X, 

Fe-Pt, Fe-Pt-X, SrFe12O19, and SrFe12O19-X (X = transition elements) and soft magnetic 

materials such as nanocrystalline and Mn-B were calculated based on the density functional 

theory (DFT), and their exchange coupled magnetic properties with soft magnets were designed 

according to the size and shape of the particles. The calculated magnetic and electronic 

properties were used to obtain the temperature dependence of saturation magnetization Ms(T) 

and anisotropy constant K(T) within the mean field theory. Thereby, the temperature dependence 

of the maximum energy product [(BH)max(T)] is calculated using the calculated Ms(T) and K(T). 
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The experimental approaches were based on chemical and ceramic processes to 

synthesize hard and soft magnetic materials. Prior to synthesis, material design parameters were 

optimized by first-principles calculations and micromagnetic simulations.  

Lastly, performance of RE-free MnAl, MnBi, SrFe12O19, and Alnico IPMSMs, designed 

with the finite element method (FEM), at 23 and 200 oC were evaluated and compared to a RE 

Nd-Fe-B IPMSM. The performance parameters include torque, efficiency, and power. It was 

found that the performance of the MnBi and Alnico IPMSM is comparable with the Nd-Fe-B 

IPMSM.  
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CHAPTER 1 

INTRODUCTION 

1.1. Motivation 

Magnetic materials with large magnetization (M), anisotropy constant (K), and Curie 

temperature (Tc) consistently attract attention due to their potentials for permanent magnet (PM) 

applications. Recently, these applications have been expanding towards sustainable energy 

devices, including electric vehicle (EV) motors and wind power generators. The most important 

characteristics of the PM is the maximum energy product [(BH)max]. The (BH)max can be 

estimated as (BH)max = (Br)2/4 for Hci > Br/2 or (BH)max = (Br – Hci)Hci for Hci < Br/2, where Br is 

the residual flux density and Hci is the intrinsic coercivity of magnetic materials. Therefore, high 

Br and Hci along with high Tc are necessary to achieve PMs with high (BH)max at an EV’s 

operation temperature.  

Although for the last two decades rare-earth (RE) magnetic materials, in particular 

Nd-Fe-B, have dominated PM applications, there are two important issues that must still be 

addressed for continued full utilization of PMs in high-efficiency sustainable energy applications. 

One is the technical, or scientific, issue caused by the low operation temperature range of the RE 

hard magnetic materials, and the other is that supply-limited RE minerals produce price and 

global energy security problems. Even though Nd2Fe14B possesses high 4πMs of 1.61 T and K of 

4.9 × 106 J/m3 at room temperature [1], its operation temperature is limited to 150 ºC because of 

its low Tc of 250 ºC. The Ms and Hci of Nd2Fe14B rapidly decrease with temperature, implying 

negative temperature coefficients (α = Δσs/σs = -0.11 %/K and β = ΔHci/Hci = -0.6 %/K) of Ms 
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and Hci [2]. The K of Nd2Fe14B is almost negligible at 150 ºC, which is the operation temperature 

of an EV’s motor. The low K of Nd2Fe14B at the elevated temperatures is attributed to a low Tc 

of about 250 ºC and large negative β.  

 

1.2. Objective 

In order to address the technical and supply issues of the RE magnetic materials, new 

RE-free magnetic materials must be developed. Therefore, this dissertation introduces magnetic 

properties of current and newly-developed RE-free magnetic materials. Theoretical and 

experimental researches are closely performed together to find upper limits of M and K and 

optimize chemical composition and synthetic processes of the designed RE-free magnetic 

materials. The theoretical research is performed based on the concept of combining (i) electronic 

structure calculations of pure or doped/substituted magnetic materials to obtain the M and K [3,4], 

(ii) mean field theory to calculate the Tc [5], and (iii) the Brillouin function [6] and Callen-Callen 

semi-empirical relation [7] to estimate temperature dependent magnetization M(T) and 

anisotropy constant K(T). The theoretically calculated magnetic materials are then 

experimentally synthesized. The synthetic processes include DC/RF magnetron sputtering, 

wet-chemistry, solid-state reaction, arc-melting, ball milling, pressing [magnetic compaction/CIP 

(cold isostatic pressing)], and sintering.  

 

1.3. Permanent magnetic materials 

A permanent magnetic material is ferro- and ferrimagnetic material that is permanently 

magnetized after magnetizing with high magnetic field, therefore, the Br is not zero, but strong 

enough to attract or repulse other magnetic materials. Optimizing the properties of a magnetic 



 

3 
 

material for a particular application involves tuning the three important criteria, i.e., M, K, and Tc. 

Magnetic flux density (B) of the PM under the EV's motor operation condition plays a key role in 

the determination of torque, efficiency, and power of EVs. High B at the motor operation 

condition originates from high M, K, and Tc, which can be achieved either by enhancing i) 

single-phase magnetic properties or ii) magnetic exchange coupling between high M and Hci 

materials.  

 

1.3.1. Single-phase permanent magnetic materials 

Saturation magnetization (Ms), K, and Tc are determined by three physical concepts: 

strong quantum-mechanical exchange forces between 3d electrons from neighboring transition 

elements, strong spin-orbit coupling, and strong exchange energy between spins from 

neighboring transition elements, respectively.  

In order to gain further insight into M enhancement, the ratio of an atomic radius (ra) to 

the radius (r3d) of 3d electron shell of the atom is discussed below in terms of the exchange 

integral (Jex). The exchange force is a consequence of the Pauli Exclusion Principle.  Fig. 1.1 

shows the relation between interatomic distance and Jex. As two atoms become closer, the ratio 

 
 

FIG. 1.1. Schematic illustration of ra/r3d ratio versus exchange integral. 
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ra/r3d decreases. When this ratio becomes large, Jex is small and positive. As the ratio decreases, 

therefore, the 3d electrons approach more closely to each other, and the positive exchange 

interaction becomes stronger, resulting in ferromagnetic spin configurations. A further decrease 

in the interatomic distance changes the Jex to negative values. This leads to antiparalleled spins, 

i.e., antiferromagnetism. It is noted that the exchange force depends mainly on interatomic 

distance and creates the unbalanced spins resulting in ferromagnetism. For example, Mn is 

antiferromagnetic due to the short interatomic distance between Mn atoms. However, when Mn 

is alloyed with Bi, the distance between Mn atoms increases, thereby, becoming ferromagnetic. 

The interatomic distance dependence of Jex can be confirmed by c/a ratio dependence of M and 

relative total energy for MnBi, where c and a are the lattice constants as shown in Fig. 1.2 [8]. 

The c/a ratio of MnBi is directly related to the ra/r3d ratio since it represents the interatomic 

distance in the c direction. Magnetic moment gradually increases as the c/a increases, and the 

total energy of MnBi decreases and reaches a minimum at c/a = 1.37. This suggests that the low 

temperature phase (LTP) MnBi is thermodynamically stable at this ratio. Furthermore, the 

 
 

FIG. 1.2. The c/a ratio dependence of magnetic moment and relative total energy for MnBi. 
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density of states (DOS) in Fig. 1.3 explains the effect of atomic distance on M of MnBi. By 

comparing the shapes of the DOS between c/a = 1.00 and c/a = 1.37 in Fig. 1.3, it is clear that 

the unbalanced DOS around EF becomes obvious as the c/a ratio increases. This results in high 

M at the higher c/a ratio.  

Next, spin-orbit coupling is the origin of K. A spin is coupled with an orbit, and the orbit 

is strongly coupled with a lattice as shown in Fig. 1.4. This is because orbital magnetic moments 

 
 

FIG. 1.4. Spin-orbit-lattice interactions.

 
                                        (a)              (b) 
FIG. 1.3. Density of states (DOS) for (a) distorted MnBi (c/a = 1.00) and (b) LTP MnBi (c/a 
= 1.37). The black line represents the total DOS, and blue and pink lines represent the partial 
DOS of Mn and Bi, respectively. The red vertical line corresponds to the Fermi energy (EF).  



 

6 
 

are almost quenched. Therefore, the orientations of the orbits are strongly coupled with the 

lattice. In the case of low symmetry crystals, e.g., uniaxial structures like τ-phase MnAl, LTP 

MnBi, or M-type hexaferrite (BaFe12O19: BaM or SrFe12O19: SrM), the spin-orbit coupling is 

strong, thereby a large magnetocrystalline anisotropy exists. It is noted that the spin-lattice 

coupling contribution to K is almost negligible. As a result, the energy required to rotate the spin 

from the easy direction is the energy required to overcome the spin-orbit coupling. In general, K 

decreases with increasing temperature, and vanishes at the Tc. However, the K for LTP MnBi and 

M-type hexaferrite increase with increasing temperature.  

Regarding the magnetic transition from ferromagnetic to paramagnetic, i.e., Tc, the Tc is 

related to exchange energy. The exchange energy is given by the Heisenberg Exchange 

Hamiltonian, 

cos22 jijiexex SJSSSJE  ,    (1.1) 

where Si is the spin of i-th atom, Sj is the spin of j-th atom, and ϕ is the angle between the spins. 

If Jex is positive, Eex is minimum when the spins are parallel (cosϕ = 1) and maximum when they 

are antiparallel (cosϕ = -1). This suggests that a large positive Jex is needed to retain a strong 

exchange energy, therefore, to be ferromagnetic, i.e., possess a high Tc. This relation can be well 

explained by the Jex and Tc of Fe, Co, and Ni.  As seen in Fig. 1.1, it is noted that Jex(Co) > 

Jex(Fe) > Jex(Ni), thereby Tc(Co) = 1304 K >  Tc(Fe) = 1043 K > Tc(Ni) = 631 K. The detailed 

relation between Jex and Tc is described by the mean field approximation (MFA) [5] as follows: 

03

2
J

k
T

B
c    

j
jJJ 00 ,         (1.2) 

where J0 is the molecular field parameter calculated by summing the exchange integrals J0j and 

kB is the Boltzmann constant.  The factor γ is given by S(S+1)/S2 for quantum spins and 1 for 
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classical spins. The operating temperature of the PM of an EV’s motor is about 200 oC (473 K). 

Therefore, the Tc of the PM needs to be much higher than 473 K. Nd-Fe-B shows a high M that 

originates from a high concentration of Fe in the structure and a high K due to strong orbit-lattice 

coupling between localized 4f electron shell from RE element (Nd) and crystal lattice. The 

element B causes the interatomic distance between Fe atoms of Nd-Fe-B to increase, thereby 

increasing M. However, the Tc of Nd-Fe-B is still too low for high-temperature applications and 

shows a negative temperature coefficient K. As aforementioned, the (BH)max decreases with 

increasing temperature and becomes very small at elevated temperatures.  

In order to increase the Tc and M, a magnetic material must possesses a large Jex. One 

way to obtain an enhanced Tc, with high M and K, is to dope or substitute a single or paired 

element into magnetic material to increase the interatomic distance between Mn or Fe atoms, 

thereby enhancing Eex, i.e., causing a high Tc. For example, Fig. 1.5 depicts the c/a ratio 

 
 

FIG. 1.5. The increasing stable c/a ratio for MnBi-X, and its corresponding magnetic moment. 
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dependence of M and relative total energies of MnBi and Mn-Bi-X alloy. The single or paired 

element should have a strong affinity with the other elements in the crystal structure of magnetic 

material.  

The theoretical magnetic properties of RE-free magnetic materials can be investigated by 

(i) the first-principles calculations to obtain Ms and K [3,4], (ii) the MFA to calculate the Tc [5], 

and (iii) the Brillouin function [6] and Callen-Callen experimental relation [7] to estimate Ms(T) 

and K(T). Strategic approaches in calculation of Ms, K, Tc, M(T), and K(T) are described in Fig. 

1.6 and 1.7. The electronic structures of RE-free magnetic material will be calculated based on 

density functional theory (DFT) within the generalized gradient approximation (GGA) or 

local-spin-density approximation (LSDA). Spin and orbital magnetic moments are calculated for 

the magnetization directions of <100> and <001>. The total energies calculated for 

 

FIG. 1.6. Strategic approaches in saturation magnetization (Ms), anisotropy constant (K), and 
Curie temperature (Tc) calculations. 
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these two different magnetization directions are used to obtain K. Fig. 1.6 shows our calculation 

procedure for Ms, K, and Tc calculations.  

Because EV motors operate at high temperature, it is necessary to obtain Ms(T) and K(T). 

The Ms(T) within the MFA [6] is given by 

)()0()( Jss BMTM  ,     (1.3) 

where BJ is the Brillouin function with angular quantum number J and normalized temperature  

= T/Tc.  Similarly, within the MFA, the K(T) is given by the Callen-Callen experimental relation 

[7] as 

2/)1()]()[0()(  nnTmKTK ,     (1.4) 

 
FIG. 1.7. Strategic approaches in temperature dependence of magnetization [M(T)] and 
anisotropy constant [K(T)] calculations. 
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where n is the power of the anisotropy function and m(T) is the normalized saturation 

magnetization Ms(T)/Ms(0). It is noted that n for uniaxial anisotropy is 2. Fig. 1.7 details our 

calculation procedure for the Ms(T) and K(T).  

 

1.3.2. Magnetic exchange coupled permanent magnetic materials 

Even though some single-phase RE permanent magnetic materials possess both high M 

and Hci, the Tc is still low, which results in a low (BH)max at elevated temperatures. Therefore, 

magnetic exchange coupled two-phase magnetic materials were proposed in 1991 [9]. The soft 

magnetic phase can be exchange coupled with the hard magnetic phase within twice the domain 

wall thickness (2δw) of hard magnetic phase [9]. The exchange coupled two-phase magnets make 

 
 

FIG. 1.8. Concept of core-shell particle with strong, positive magnetic exchange coupling.  
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full use of high Hci from the hard magnetic phase and high M from soft magnetic phase along 

with high Tc from both hard and soft magnetic phases. The exchange coupling concept of 

enhancement of the (BH)max in core-shell nanostructures can be seen in Fig. 1.8.  

According to theoretical studies on two-phase magnetic material, the saturation 

magnetization (Mex) [9] and anisotropy constant (Kex) [10] of the two phase magnetic material 

can be expressed as: 

hhssex MfMfM  ,     (1.5) 

hhssex KfKfK  ,      (1.6)
 

where σ is the saturation magnetization in emu/g,  is the density, and f is the volume fraction. h 

and s in the subscript denote hard and soft magnetic phases, respectively. Therefore, the (BH)max 

of the exchange coupled magnetic material can be estimated by either Eq. (1.7) or (1.8) [11].  

 
5max 10

)(4
)( shhs KKfK

BH





,    (1.7) 

4

)]([
)(

2
___

max
hrsrhsr BBfB

BH


 .    (1.8) 

Eq. (1.7) is used for the case of HN < Br/2, and Eq. (1.8) is for HN > Br/2, where HN is the 

nucleation field.  Eq. (1.7) takes only intrinsic properties, i.e., the K and HN rather than extrinsic 

Hci. Since the (BH)max is determined  by both intrinsic and extrinsic properties, Eq. (1.7) is not 

experimentally feasible.  

A more practical (BH)max equation for the exchange coupled magnetic materials can be 

expressed by experimental M and Hci.  Hci due to K [12] is 

M

K
Hci


 ,          (1.9) 
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where α is a constant depending on the crystal structure and degree of alignment. For aligned 

particles, α is 2; for unaligned (random) particles, α is 0.64 for cubic crystals and 0.96 for 

uniaxial crystals. Then, the Hci of the two-phase magnetic material can be modified to Eq. (1.8) 

by combining Eq. (1.6) and (1.9) [13]: 

hhsh

hhsh
exci MfMf

KfKf
H





)1(

)1(
_  .     (1.10) 

By replacing K in Eq. (1.10) with Hci in Eq. (1.9), Eq. (1.10) becomes Eq. (1.11). 

 
)1(

)1(
_

hhhs

hhhhss
exci fMfM

fHMfHM
H




 .    (1.11)  

Eq. (1.11) suggests that the coercivity of a composite can be estimated by the experimental Hci of 

the hard and soft phase materials instead of the K of each phase. Now, the practical upper limits 

of the (BH)max for the exchange coupled magnetic materials can be calculated by either 

Eq. (1.12) or (1.13) [this work].  

)4()( __max exciexexci HMHBH   ,   (1.12) 

4

)4(
)(

2

max
exM

BH


 .     (1.13) 

Eq. (1.12) is used for the case of Hci_ex < 4πMex/2, and Eq. (1.13) is for Hci_ex > 4πMex/2. 

Eqs. (1.12) and (1.13) can be rewritten as Eqs. (1.14) and (1.15) below: 
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2
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hhsh MfMf

BH


 .   (1.15) 

In this section, calculations of M, K, Hci, and (BH)max for an exchange coupled magnetic material 

are  introduced.  
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CHAPTER 2 

ELECTRONIC STRUCTURE AND MAGNETIC PROPERTIES OF TAU-PHASE MnAl1 

2.1. Introduction 

Both hybrid cars and electric vehicles use rare earth magnets, such as Dy-substituted 

Nd2Fe14B, SmCo5, and Sm2Fe17N, due to their excellent magnetic properties. However, supply of 

rare earth elements, Nd, Sm, and Dy, is limited, therefore, expensive. Accordingly, developing 

strong permanent magnets without the rare earth elements is an emerging issue to address.  

Ferromagnetic τ-phase MnAl alloy [1,2] has recently received much attention because of its high 

magnetic moment (2.4 μB/f.u.) [3] and magnetic crystalline anisotropy constant, low cost, and 

low density (5 g/cc). It has been reported that experimental saturation magnetization (σs), 

coercivity (Hc), and the Curie temperature (Tc) for τ-phase Mn54Al46 are 89 emu/g, 4.8 kOe, and 

382 °C, respectively [4].  It is noted that the σs and Hc are still low compared to the theoretical 

values. 

To estimate achievable magnetic properties of τ-phase Mn50Al50 alloy, first principles 

calculations were used to calculate magnetic moment, relative total energy, and 

magnetocrystalline anisotropy energy (MAE).  Consequently, the maximum energy product 

(BH)max was calculated for τ-phase Mn50Al50 using the theoretical σs. Experimental magnetic 

moment of Mn54Al46 is also reported and compared to the theoretical magnetic moment. 

 

                                                 
1 This work was published as “Saturation magnetization and crystalline anisotropy calculations for MnAl permanent 
magnet,” in Journal of Applied Physics 107, 09A731 (2010) by Jihoon Park, Yang-Ki Hong, et al. 
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2.2. Calculations and experiments 

The linearized augmented plane wave (LAPW) method [5] was used to calculate 

magnetic moment and MAE of τ-phase Mn50Al50, which were converted to (BH)max and 

magnetocrystalline anisotropy field. In order to prepare MnAl alloy, 54 at. % of Mn and 46 at. % 

of Al powders were mixed and then melted in a tube furnace with argon environment. The 

melted Mn54Al46 was held at 1150 °C to maintain ε-phase (hexagonal closed-packed) and then 

quenched in deoxidized and deionized (DI) water. The quenched Mn54Al46 ingot was annealed at 

400 °C and 450 °C for 30 to 120 min in vacuum. Saturation magnetization and coercivity, and 

the percentages of τ-phase were measured by vibrating sample magnetometer (VSM) and x-ray 

diffraction (XRD), respectively.   

 

2.3. Results and discussion 

Figure 2.1 (a) shows MnAl phase diagram [6], and molecular structures for ε’- and 

τ-phase MnAl are shown in Fig. 2.1 (b) and (c), respectively. Orthorhombic ε'-phase is an 

intermediate ferromagnetic phase which is not shown in the phase diagram. Antiferromagnetic ε-

phase transforms to unstable ferromagnetic ε’-phase at an elevated temperature, and then 

followed by the transformation of the unstable ε’-phase to meta-stable ferromagnetic τ-phase. 

Fig. 2.2 (a) and (b) show the density of states (DOS) diagrams for ε’- and τ-phase Mn50Al50, 

respectively. As shown in Fig. 2.2 (b), degeneracy of the states near EF in ε’-phase Mn50Al50 is 

partly destroyed by tetragonal distortion occurred during the phase transformation. This results in 

an increase of magnetic moment from 1.88 μB for ε’-phase to 2.37 μB for τ-phase Mn50Al50. 

These moments were obtained by the difference between integrated up- and down-spins of DOS 

to the Fermi energy level. As the lattice parameter (c) between Mn atoms is increased from 3.006 
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    (a)                                                (b) 

FIG. 2.2. (a) Density of states of ε΄-phase MnAl and (b) density of states of τ-phase MnAl. 
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(b)                                                 (c) 

FIG. 2.1. (a) Partial phase diagram of Mn-Al [6], and molecular structures of (b) ε΄-phase and 
(c) τ-phase MnAl. 
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Å for ε΄-phase Mn50Al50 to 3.54 Å for τ-phase Mn50Al50, magnetic spins in Mn atoms are aligned 

in the c direction of τ-phase Mn50Al50, which causes the increase of magnetic moment of τ-phase 

Mn50Al50 [4].  

Figure 2.3 shows the axial ratio c/a dependence of magnetic moment and total energy of 

ferromagnetic τ-phase Mn50Al50. The lowest level of total energy occurs at 1.30 of c/a as shown 

in Fig. 2.3, therefore, providing the most stable structure of τ-phase Mn50Al50 with 2.37 μB (161 

emu/g) of magnetic moment. The MAE of 0.259 meV (1.525×106 J/m3) was calculated by 

LAPW at 1.28 of c/a that gives 38 kOe of the magnetocrystalline anisotropy field with the 

saturation magnetization of 161 emu/g. The calculated MAE is close to the MAE estimated by 

Sakuma [3]. In addition, the maximum energy product, (BH)max, was estimated to be 12.64 

MGOe for τ-phase Mn50Al50 under the assumption of Br = 0.7 Bs.  

In the experiments, the composition of Mn54Al46 was used to obtain stable τ-phase MnAl 

alloy as shown in the phase diagram of Fig. 2.1 (a). During the melting, quenching, and 
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FIG. 2.3. The c/a dependence of magnetic moment and relative total energy. 
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annealing processes for Mn54Al46 alloy, 46 at. % Mn and 46 at. % Al atoms of ε-phase was 

transformed to τ-phase Mn50Al50, and 8 at. % Mn atoms remained. The excessive Mn atoms tend 

to occupy (0, 0, 0) and (
2

1
, 

2

1
, 

2

1
) sites, causing anti-ferromagnetic couplings [2]. Therefore, 

the saturation magnetization of 144 emu/g was obtacind for τ-phase Mn54Al46 that is lower than 

the theoretical saturation magnetization (161 emu/g) for Mn50Al50. This is becauseonly 89.6 % 

(60.1 wt. % Mn and 29.5 wt. % Al transform to τ-phase) of total weight contribute to the 

magnetization. In order to optimize τ-phase and saturation magnetization of Mn54Al46, MnAl 

alloy was annealed at 400 or 450 °C for various annealing times ranging from 30 to 120 min. 

The XRD analysis confirms that the sample annealed at 450 °C for 60 min contains 73.1 % τ-

phase and 26.9 % γ2 and β phases, as shown in Fig. 2.4.  Fig. 2.5 (a) and (b) show the effects of 

annealing temperature and time on magnetic moment and an amount of τ-phase Mn54Al46. The 

highest experimental saturation magnetization, 98.3 emu/g, was obtained at the annealing 

temperature and time of 450 °C and 60 min, respectively, which magnetization results in 4.7 
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FIG. 2.4. XRD spectra for Mn54Al46 alloy. 
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MGOe of (BH)max. In addition, Tc was measured to be 388 °C that is close to the previously 

reported Tc of 382 °C by Q. Zeng [4].  

 

2.4. Conclusions 

The magnetic moment and MAE values of τ-phase MnAl were obtained by first 

principles calculations, and the alloy was fabricated to compare the experimental values with the 

theoretical ones.  The calculated magnetic moment and MAE for ferromagnetic τ-phase 

Mn50Al50 are 2.37 μB and 0.259 meV (1.525×106 J/m3), respectively, which results in the 

magnetocrystalline anisotropy field and (BH)max of 38 kOe and 12.64 MGOe without rare earth 

metals. The experimental saturation magnetization for τ-phase Mn54Al46 was 98.3 emu/g, which 

is about 70 percent of the theoretical value 144 emu/g. Experimental (BH)max of 4.7 MGOe was 

obtained, which is about 37 % of theoretical (BH)max. 
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CHAPTER 3 

ELECTRONIC STRUCTURE AND MAXIMUM ENERGY PRODUCT AT ELEVATED 
TEMPERATURE OF LOW TEMPERATUER PHASE MnBi2 

3.1. Introduction 

The maximum energy product (BH)max of a permanent magnet at elevated temperatures 

has become increasingly important because a motor for electric vehicles (EV) should be 

operational at 473 K. Rare-earth Nd-Fe-B magnets show the highest (BH)max of 59 MGOe at 

room temperature [1], which is much larger than 5.4 MGOe for the most widely used low energy 

ferrite magnets [2]. Although the Nd-Fe-B magnets exhibit desirable magnetic flux density (B) 

and intrinsic coercivity (Hci), therefore, largeBH)max, a large negative temperature coefficient of 

Hci, a low Curie temperature (Tc) of 523 K [3] and limited supply are the critical drawbacks that 

need to be addressed. Motors for electric vehicles (EV) must reliably operate at temperatures up 

to 473 K. Therefore, the usage of Nd-Fe-B magnets is limited to a lower temperature than 473 K, 

due to their negative temperature coefficient of Hci and low Tc. On the other hand, low 

temperature phase (LTP) MnBi shows a positive magnetic anisotropy coefficient [4–6], resulting 

in Hci of about 1.5 T at 300 K and 2 T at 400 K [5]. The high Hci of LTP MnBi helps to make it 

usable at the operating temperature of the motor. The directionally-solidified LTP MnBi shows a 

remanent magnetic flux density (Br) of 0.8 T and (BH)max of 17 MGOe at 290 K [7]. However, 

arc-melted and mechanically-milled LTP MnBi powder shows a low Br of 0.7 T and (BH)max of 

11.00 MGOe [8] and Br of 0.7 T and (BH)max of 11.95 MGOe [9] at 300 K. Therefore, it is 

                                                 
2 This work was published as “Electronic Structure and Maximum Energy Product of MnBi (invited),” in Metals 4, 
455 (2014) by Jihoon Park, Yang-Ki Hong, et al. 
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imperative to predict the theoretical limit of (BH)max at elevated temperatures for the LTP MnBi 

magnet.  

Coehoorn et al. performed first self-consistent spin-polarized band-structure calculations 

and obtained a magnetic moment of 3.6 μB, the density of states (DOS) and the band structures at 

0 K [10]. Köhler et al. used first-principles calculation based on local density functional 

approximation (LDA) and the augmented spherical wave (ASW) band structure method to 

calculate the magneto-optical properties, a magnetic moment of 3.61 μB, a magnetocrystalline 

anisotropy constant (K) of 1.5 × 106 J/m3, DOS and the band structures at 0 K [11]. Furthermore, 

Huberman et al. have predicted the normalized temperature dependence of magnetic moment 

within the mean-field theory [12]. However, the theoretical limit of saturation magnetization 

(Ms), and thereby (BH)max, at elevated temperatures and the possibility of an increase in the Ms 

has not been reported.  

In this paper, we calculated DOS, the magnetic moment, and K using first-principles 

calculations, and Tc by the mean field theory. Then, we used these magnetic properties to 

determine the temperature dependence of saturation magnetization Ms(T) and the maximum 

energy product (BH)max (T). In addition, an electron density map was performed to find if any 

interstitial site is available for third alloying elements. Also, the lattice constant c/a ratio 

dependence of magnetic moment was investigated to explore a possible increase in Ms.  

 

3.2. Method of calculations 

The WIEN2k package [13] was used to perform first-principles calculations as presented 

in Fig. 1.6 an 1.7. The package is based on density functional theory (DFT) and uses the full-

potential linearized augmented plane wave (FPLAPW) method with the dual basis set. For the 
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LTP MnBi, the 3s, 3p, 3d and 4s states of Mn and the 5p, 5d, 6s and 6p states of Bi were taken as 

valence states. All calculations used a 25 × 25 × 15 k-point mesh generating 1,352 k-points in the 

irreducible part of the Brillouin zone. The muffin tin radii (RMT) of 2.50 a.u. for Mn and 2.23 

a.u. for Bi and the experimental lattice constants a = 4.256 Å and c = 6.042 Å at 4.2 K [6] were 

used.  

The density functional theory within the local-spin-density approximation (LSDA) was 

used for all spin-polarized and spin-orbit coupling calculations. Spin and orbital magnetic 

moments were calculated for the magnetization directions of <100> and <001>. The total 

energies calculated for these two different magnetization directions were used to obtain K.  

 

3.3. Results and discussion 

3.3.1. Density of states and magnetic moments  

Figure 3.1 (a) and (b) show the density of states (DOS) in <100> and <001> 

magnetization directions of the LTP MnBi, respectively, which were calculated based on 

spin-polarized and spin-orbit coupling. The DOS is divided into lower and higher energy 

regions. The lower energy region near −0.4 Ry is mostly contributed by the s band of Bi, and the 

higher energy region near the Fermi energy (EF) is mostly contributed by the d band of Mn, as 

seen in Fig. 3.1 (a) and (b). The DOS near the EF is a highly-degenerated energy state; slightly 

below the EF in the majority spin state and slightly above the EF in the minority spin state. These 

highly-degenerate energy states near EF are the origin of the magnetic moment of LTP MnBi. 

This is because the degenerate energy states contributeto the difference between the number of 

electrons in the majority and minority spin states below EF. The spin and orbital magnetic 

moments, which were calculated from the spin polarized and spin-orbit couplings, are given in 
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Table 3.1. It is noted that the orbital magnetic moment from spin-orbit coupling calculations in 

the <100> magnetization direction is higher than that of the <001> magnetization direction. This 

difference results in the highest total magnetic moment of 3.63 μB/f.u. (formula unit) (79 emu/g 

or 714 emu/cm3) for LTP MnBi. This magnetic moment value is in good agreement with the 

results of first-principles calculations based on local density functional approximation (LDA) 

and the augmented spherical wave (ASW) band structure method (3.61 μB) [11] and first self-

consistent spin-polarized band-structure calculations (3.6 μB) [10]. However, this calculated 

value is smaller than the experimental neutron diffraction measurement value of 3.8 μB at 300 K 

[6] and the extrapolated value of 3.9 μB at 0 K [14].  

 

3.3.2. Magnetocrystalline anisotropy constant  

Magnetocrystalline anisotropy energy (MAE) is the total energy difference between 

<100> and <001> magnetization directions, i.e., ΔE = E<100> − E<001>. The calculated total energy 

difference is −0.163 meV/u.c., which corresponds to an in-plane K of −0.275  106 J/m3 at 0 K. 

The DOS in Fig. 3.1 (a) and (b), and the calculated K imply that forcing the magnetization 

direction from the easy plane to the c-axis results in destruction of the degeneracy near the EF, 

Table 3.1. The calculated spin and orbital magnetic moments per formula unit (f.u.) and Mn 
and Bi atoms for low temperature phase (LTP) MnBi in units of μB. Magnetic moments from 
both spin-polarized and spin-orbit coupling calculations are listed. 

 

Direction of 
magnetization 

Spin moment Orbital moment Total moment 

f.u. Mn/Bi f.u. Mn/Bi f.u. Mn/Bi 

Spin-polarized 3.50 3.57/−0.07   3.50 3.57/−0.07 

<100> 3.52 3.5/|−0.06 0.105 0.10595/−0.00009 3.63 3.68/−0.06 

<001> 3.52 3.58/−0.06 0.084 0.08415/−0.00012 3.60 3.66/−0.06 
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thereby increasing the total energy. The destruction of degeneracy (lower and broader DOS 

peaks) can be observed by comparing the DOS of <100> and <001> magnetization directions 

below the EF. Our calculated K is close to the experimental K of −0.155  106 J/m3 at 4.2 K [6], 

but smaller than the reported K value of 1.5  106 J/m3 [11]. This indicatesa strong anisotropy 

along with c-axis. It was experimentally observed that the spin rotated from the basal plane to the 

c-axis at about 90 K [15]. The K was measured in the range of 4.2 to 628 K [4] using a vibrating 

sample magnetometer (VSM) and by singular point detection (SPD) from 147 to 586 K [5]. The 

measured K is 1.3  106 J/m3 [4] and 1.8  106 J/m3 [5] at 300 K and 2.3  106 J/m3 at 430 K [5], 

suggesting out-of-plane magnetization at the elevated temperatures. 

 

3.3.3. Curie temperature  

In this section, the Tc for LTP MnBi was calculated using the following mean field 

approximation (MFA) expression [16]: 
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                                         (a)                                                                      (b) 
 
FIG. 3.1. Density of states (DOS) for LTP MnBi in the (a) <100> and (b) <001> 
magnetization directions. The black line represents the total DOS, and blue and pink lines 
represent the partial DOS of Mn and Bi, respectively. The red vertical line corresponds to the 
Fermi energy (EF). 
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03

2
J

k
T

B
c  , 

j
jJJ 00 , (3.1) 

where J0 is the molecular field parameter calculated by summing the exchange integrals (J0j) and 

kB is the Boltzmann constant. The factor γ is given by S (S + 1)/S2 for quantum spins and one for 

classical spins. In this work, we choose γ = 1, which gives a Tc close to the experimental one. 

This is because the temperature dependences of J0j and S are mutually cancelled [17,18]. The J0j 

are obtained by the exchange energy difference between the ground and excited states of 

sublattices. The exchange integral [15] is written as:  

)4/()( ijijijiijij znSSJ 
 

(3.2) 

where Δij is the difference of exchange energies between the excited state at both the i and j 

sublattices and the ground state, Δi is the difference between the excited state at the i sublattice 

and the ground state, Δj is the difference between the excited state at the j sublattice and the 

ground state, Si is the spin of the i-th Mn atom, ni is the number of i-th Mn atoms and zij is the 

number of neighboring j-th Mn atoms to i-th Mn atom. The exchange interaction between spins 

is inversely and exponentially proportional to the corresponding distance. The distance and 

number of corresponding neighbors for LTP MnBi are given in Table 3.2. The distance of the 

third and fourth nearest neighbors is greater than 0.5 nm. Therefore, the exchange interactions 

between these spins are negligible. Accordingly, the energy difference  between the ground and 

Table 3.2. The number of nearest neighbors (z0i) and corresponding distances (r0i) in the unit 
of Å in LTP MnBi. 

 

Material 
# of nearest neighbors Distance 

z01 z02 z03 z04 r01 r02 r03 r04 

LTP MnBi 2 6 12 2 3.02 4.26 5.22 6.04 
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exited states was calculated only for the first and second nearest neighbors. To include the  

significant exchange interaction with the nearest neighbors, the supercell structures (two LTP 

MnBi unit cells) were built. The input parameter S and ni for LTP MnBi are two and one, 

respectively. The zij values for the first and second nearest neighbors were taken from Table 3.2.  

As a result, the calculated first and second exchange integrals (J01 and J02) are 32.31 and 

4.59 meV, respectively, which corresponds to the mean-field estimated Tc = 711 K. 

Experimentally, the LTP MnBi structure transforms to the high temperature phase (HTP) MnBi 

at 628 K [4]; thereby, a dramatic drop of magnetization occurs at 628 K. 

 

3.3.4. Temperature dependence of saturation magnetization and maximum energy product 

We use the mean field theory to calculate Ms(T). The Ms(T) within the MFA [19] is given 

by:   

)()0()( Jss BMTM 
 

(3.3) 

where Ms (0) is the saturation magnetization at 0 K, BJ is the Brillouin function with angular 

quantum number (J) and normalized temperature (τ = T/Tc). J is the summation of spin moment 

(S) and orbital contribution (L). The calculated magnetic moment of 3.63 μB/f.u., Tc of 711 K and 

J of 2 were used to calculate the Ms(T). Fig. 3.2 shows the calculated and experimental [5] Ms(T). 

The calculated values are in good agreement with the experimental data.  

Therefore, we used the calculated Ms(T) to estimate the temperature dependence of the 

maximum energy product (BH)max (T) for the LTP MnBi. In order to calculate the (BH)max (T), 

the temperature dependence of intrinsic coercivity Hci (T) is also needed. We used the 

experimental Hci (T) [15] in Fig. 3.3 and assume coherent magnetization reversal and a 

rectangular hysteresis loop of LTP MnBi to estimate (BH)max (T). The (BH)max is the maximum 
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FIG. 3.3. Experimental intrinsic coercivity (Hci) as a function of temperature for LTP MnBi. 
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FIG. 3.2. The calculated and experimental temperature dependence of saturation 
magnetization Ms(T) for LTP MnBi.
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amount of  magnetic energy stored in a magnet, which is the maximum rectangular area in the 

B-H loop. Therefore, the (BH)max (T) can be calculated by either Eq. (3.4) or (3.5).  

  )()]()([)()( max THTHTBTBH cicir   (3.4) 

4

)(
)()(

2

max

TB
TBH r

, 
(3.5) 

where Br is the remnant magnetic flux density. Eq. (3.4) is used for the case of Hci < Br/2, and 

Eq. (3.5) is for Hci > Br/2. From a comparison between Fig. 3.2 and 3.3, the Hci is smaller than 

Br/2 below 250 K, while it is greater than Br/2 above 250 K for LTP MnBi.  

Therefore, Eq. (3.4) was used below 250 K, and Eq. (3.5) was used above 250 K to 

estimate (BH)max (T). Fig. 3.4 shows the semi-theoretical (BH)max (T) and experimental (BH)max 

[8,9,13,20] for LTP MnBi, including experimental (BH)max (T) for Nd-Fe-B [3]. It is noted that 

the (BH)max of LTP MnBi dramatically increased from 1.7 MGOe at 100 K to 18.7 MGOe at 250 

K and then gradually decreased to 6.2 MGOe at 600 K. The calculated (BH)max at 300 K is 17.7 

MGOe, and it is in good agreement with the (BH)max of directionally-solidified LTP MnBi (17  

MGOe at 290 K [7]). However, it is larger than those of arc-melted and mechanically-milled 

MnBi, which are 11 MGOe [8] for powder and 11.9 MGOe for a powder-wax mixture [9] at 300 

K. Resin-bonded MnBi magnets show (BH)max values of 7.7 and 4.6 MGOe at 300 and 400 K, 

respectively [15], and a sintered MnBi magnet shows (BH)max values of 7.8 MGOe [9] and 5.8 

MGOe [20] at 300 K. All of these (BH)max are smaller than the calculated values due to the 

imperfect rectangular demagnetization curve. As shown in Fig. 3.4, the semi-theoretical (BH)max 

of LTP MnBi (10.9 MGOe) was found to be higher than that of Nd-Fe-B (2 MGOe) at 500 K [3]. 

This result suggests that LTP MnBi is a good permanent magnet for high temperature 

applications.  
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3.3.5. Electron density maps and c/a ratio dependence of magnetic moment 

In this section, we discuss the effect of doping element on the possibility of an increase in 

the Ms of LTP MnBi, and thereby (BH)max. Fig. 3.5 shows the c/a ratio dependence of the total 

magnetic moment and relative total energy with a constant volume. As the distance between Mn 

atoms in the c-axis increases, the magnetic moment increases and the total energy decreases up 

to a c/a ratio of about 1.37 and then increases. The magnetic moment at this ratio is 3.63 μB/f.u., 

which is in good agreement with the above calculated moment.  

In order to explore any possibility of increasing magnetic moment, we calculated the 

electron density and, thereby, findind interstitial sites available for the doping element. Fig. 3.6 
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FIG. 3.4. The calculated temperature dependence of the maximum energy product (BH)max (T) 
and experimental (BH)max for LTP MnBi and experimental (BH)max (T) for Nd-Fe-B. 
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FIG. 3.5. The c/a dependence of magnetic moment and relative total energy for MnBi. 

 

                      (a)                                         (b)                                           (c) 
FIG. 3.6. The 3D and 2D electron density maps for LTP MnBi in (a) (110), (b) (100) and (c) 
(001) planes. The peaks, colors, and contour lines indicate the electron density.  
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shows the three- (3D) and two-dimensional (2D) electron density maps for (110), (100) and 

(001) planes. The 2-D electron density maps show that the positions of (0.667, 0.333, 0.250) and   

(0.333, 0.667, 0.750) have low electron density areas. Therefore, these sites can be interstitial 

sites for alloying elements.  

The identified interstitial sites in the LTP MnBi structure are shown in Fig. 3.7. From 

these results, we can conclude that doping with a third element into the interstitial sites of LTP 

MnBi is feasible. In this way, it could be possible to increase the c/a ratio, thereby increasing Ms. 

We previously reported that the ternary and quaternary systems of MnBi-Co and MnBi-Co-Fe 

show increased Ms values of 730 emu/cm3 and 810 emu/cm3, respectively, as compared to 714 

emu/cm3 for LTP MnBi [21]. Moreover, it was found that the K increased from −0.275  106 

J/m3 for LTP MnBi to 1.9  106 J/m3 for MnBi-Co and 1.62  106 J/m3 for MnBi-Co-Fe. These 

results imply that doping of the elements into the interstitial sites changes the weak easy plane 

anisotropy of LTP MnBi to the strong easy axis anisotropy at 0 K [21].  

 

 

FIG. 3.7. Yellow boxes indicate the low electron density areas of the hexagonal LTP MnBi 
structure. 
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Although the Ms and K are enhanced by the doping, the Tc decreases to 325 K for 

MnBi-Co and 275 K for MnBi-Co-Fe [21] from 711 K for binary MnBi. These low Tc are the 

drawbacks of the Co and Co-Fe-doped MnBi-based permanent magnets, which precludes high 

temperature applications. It is noted that a structural transition by migration of Mn atoms to the 

interstitial sites occurs at elevated temperaturea, which cause anti-ferromagnetic coupling 

between Mn atoms [22]. The doping of a third element into the interstitial sites possibly prevents 

LTP MnBi from the structural transition, thereby maintaining the high Tc.  

 

3.4. Conclusions  

The calculated magnetic moment, MAE, and Tc are 3.63 μB/f.u. (79 emu/g or 714 

emu/cm3), −0.163 meV/u.c. (or K = −0.275 × 106 J/m3) and 711 K, respectively. It was found 

that the (BH)max at 300 K is 17.7 MGOe, which is in good agreement with the experimental result 

reported for directionally-solidified LTP MnBi (17 MGOe). The study of electron density maps 

and c/a ratio dependence of magnetic moment suggested that doping of a third element into 

interstitial sites of LTP MnBi can increase the Ms. The LTP MnBi outperforms Nd-Fe-B above 

450 K.  
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CHAPTER 4 

ELECTRONIC STRUCTURE AND MAGNETIC PROPERTIES OF STRONTIUM FERRITE  

4.1 Maximum energy product at elevated temperatures of strontium ferrite3 

4.1.1. Introduction 

Magnetization of 74 emu/g (377 emu/cm3) and effective anisotropy constant (Keff) of 3.57 

× 106 erg/cm3 at 300 K, and Néel temperature (TN) of 750 K were reported for single crystal 

hexagonal strontium ferrite (SrFe12O19: SrM) [1]. There have been many attempts to improve the 

magnetic properties of SrM by substituting foreign cation(s) for its Fe or Sr sites. The substituted 

cations include: La-Co [2-12], Al [13], Cu-La [14], La-Zn [15,16], Mn-Co-Sn [17], Mn-Co-Ti 

[18], Mn-Co-Zr [19], Nd-Sm [20], Pb [21], Sn-Zn [22], Zn-Nd [23], Sn-Mg [24], and Er-Ni [25]. 

The hexagonal strontium ferrite has 24 magnetic Fe3+ ions distributed among five 

crystallographically distinct magnetic sublattices, namely 2a, 2b, 12k, 4f1, and 4f2. Magnetic 

moment and magnetocrystalline anisotropy of SrM originate from electronic structure of Fe3+ 

ions at the five distinct magnetic sublattices. Therefore, there are 15 possible exchange integrals. 

Since each magnetic site magnetically behaves differently at a given temperature, temperature 

dependent magnetic hyperfine field and magnetic moment of each magnetic site have been 

studied [26,27] to investigate the magnetization of SrM at elevated temperatures. 

There are two different approaches to determine temperature dependence of 

magnetization for each sublattice of hexaferrite Sr(or Ba)Fe12O19. One approach is to calculate 

five sublattice magnetizations from five sublattice magnetic hyperfine fields (MHF), which are 

                                                 
3 This work was published as “Maximum energy product at elevated temperatures for hexagonal strontium ferrite 
(SrFe12O19) magnet,” in Journal of Magnetism and Magnetic Materials 355, 1 (2014) by Jihoon Park, Yang-Ki 
Hong, et al. 
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determined by Mössbauer spectra [26]. It is shown that 4f1 and 4f2 sublattices have almost the 

same temperature dependent magnetization behavior. Therefore, the other approach assumes 

only two sublattices, namely spin-up parallel (2a, 2b, and 12k sites) and spin-down anti-parallel 

(4f1 and 4f2) lattices, instead of five distinct sublattices [27]. Also, all exchange integral (Jij) were 

assumed to be identical except for J4f2-12k to calculate sublattice magnetizations using molecular 

field theory. 

In this paper, we present calculation of fifteen exchange integrals for SrFe12O19, based on 

the density functional theory (DFT), to obtain the temperature dependence of magnetic moment 

mi(T) of the five distinct sublattices. Then, the five mi(T) were used to estimate temperature 

dependent maximum energy product, (BH)max(T), at elevated temperatures. Electron exchange 

and correlation were treated with the generalized gradient approximation (GGA), and GGA+U 

method was used to improve the description of localized Fe 3d electrons. 

 

4.1.2. Magnetic structure of strontium ferrite 

SrM is a hexagonal ferrimagnetic material with five magnetic sublattices (2a, 2b, 12k, 

4f1, and 4f2). There are two formula units of SrFe12O19 in one unit cell. The magnetic moment of 

SrM originates from Fe3+ ions at each magnetic sublattice. As shown in Fig. 4.1.1, the Fe3+ ions 

at the five sublattices are anti-ferromagnetically coupled with each other. It appears that the 

magnetism of the ground state Fe3+ ion is mainly due to spin moment S (= 5/2), with no orbital 

contribution L (= 0). Therefore, the total angular momentum J (= S + L) is 5/2 for the Fe3+ ion. 

The magnetic moment of the Fe3+ ion, therefore, is 5 μB in the ideal case. Since the spins in the 

2a, 2b, and 12k sublattices are parallel to each other, but anti-parallel to those of the 4f1 and 4f2 

sublattices, the net magnetic moment of one SrFe12O19 unit cell (two formula units) is 40 μB. 
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These inter-related magnetic sublattices to the nearest neighbors lead to strong mutual 

interdependence of the five sublattices. 

 

4.1.3. Method of calculations 

In order to derive temperature dependence of saturation magnetization Ms(T), it is needed 

to calculate the exchange integrals. The exchange integrals are obtained by the difference 

 

FIG. 4.1.1. The unit cell (left), spin configurations of Fe3+ at each layer (middle), and lattice 
constants and number of Fe3+ at each sublattice (right) for hexagonal strontium ferrite 
(SrFe12O19) [28]. The spins at the nearest neighbors are anti-ferromagnetically coupled as 
shown (middle). 
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between exchange energies of ground state and all exited states of sublattices. The exchange 

energy per unit cell in a system with N magnetic sublattices can be defined as 


 


N

i

N

ij
jiijijiex SSJznE

1 1

)(
2

1 
,     (4.1.1) 

where ni is the number of Fe3+ ions at ith sublattice, zij is the number of neighboring Fe3+ ions at 

jth sublattice to ith sublattice, Jij is the exchange integrals, and iS


is the spin of the Fe3+ ions at 

ith sublattice. When the ferrimagnetic spin configurations, i.e. only up and down, are considered, 

the iS


 and jS


 can be written as  

)()(   jijiji SSSS 


,             (4.1.2) 

where )( i
 = ± 1, and index α is the sublattice spin arrangement. Therefore, the exchange energy 

can be rewritten as 


 


N

i
jiji

N

ij
ijijiex SSJznE

1

)()(

1
2

1   .       (4.1.3) 

Now, the exchange integral [29] is written as  

)4/()( )0()0(
jiijijijiijij znSSJ  ,   (4.1.4) 

 

Table 4.1.1. The five magnetic sublattices (2a, 2b, 12k, 4f1, and 4f2) in the unit cell of 
SrFe12O19. ni is the number of Fe3+ ions at ith sublattice in the unit cell, and σi

(0) = +1 or -1 
represents the ground state spin configuration at ith sublattice. 

Fe sublattice ni (# of Fe) σi
(0) (↑ or ↓) 

2a 2 +1 

2b 2 +1 

12k 12 +1 

4f1 4 -1 

4f2 4 -1 
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where ij is the difference of exchange energies between the excited state at both i and j 

sublattices and the ground state, i  is between the excited state at i sublattice and the ground 

state, and j  
is between the excited state at j sublattice and the ground state. The ni and σi

(0) for 

the five sublattices are given in Table 4.1.1, and the number of the nearest neighboring Fe3+ ions 

at jth sublattice to ith sublattice and corresponding distance rij are listed in Table 4.1.2.  

In order to calculate the energy difference ( i , j , and ij ), the first principles 

calculations were performed using VASP [30] with the relaxed structure of SrFe12O19. The 

VASP is a package for performing ab initio quantum mechanical molecular dynamics (MD), 

mainly based on density functional theory (DFT) [31,32]. 

For improved description of 3d electrons in Fe3+ ion, generalized gradient approximation 

with Coulomb and exchange interaction effects (GGA+U) were employed, in which an on-site 

Table 4.1.2. The number of nearest neighbors and corresponding distance for the five 
magnetic sublattices (2a, 2b, 12k, 4f1, and 4f2) in the unit cell of SrFe12O19. zij is the number 
of neighbors (Fe3+ ions) at jth sublattice to ith sublattice, and rij is the corresponding 
distances in nm. The second-nearest neighbors are also given if rij is shorter than 0.4 nm. 
 

 2a  2b  4f1  4f2  12k 

 zij rij  zij rij  zij rij  zij rij  zij rij 

2a 6 0.593  2 0.580  6 0.348  6 0.560  6 0.307 

2b 2 0.580  6 0.593  6 0.621  6 0.369  6 0.370 

4f1 3 0.348  3 0.621  3 0.365  1 0.380  6 0.353 

             3 0.358 

4f2 3 0.560  3 0.369  1 0.380  1 0.275  6 0.352 

12k 1 0.307  1 0.370  2 0.353  2 0.352  2 0.293 

       1 0.358     2 0.300 
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potential is added to introduce intra-atomic interactions between the strongly correlated 

electrons. The total energy [33] is defined as 

 





 )(
2

)( 2
,, mm nn

JU
E ,        (4.1.5) 

where U is the Coulomb interaction parameter (energy necessary to add an electron to an already 

occupied localized orbital in an atom), J is the exchange interaction parameter (exchange 

between doubly occupied sites), and n is the occupation number of a d-orbital number m with 

spin σ. As can be seen from Eq. (4.1.5), the total energy depends on the difference between U 

and J, which is defined as the effective U, Ueff. The Ueff affects the total energy difference 

between exited and ground states, thereby Jij. The Jij were applied to the Brillouin function to 

derive m(T) for the five sublattices (2a, 2b, 12k, 4f1, and 4f2), consequently (BH)max. 

 

4.1.4. Results 

4.1.4.1. Exchange integrals (interactions between the five magnetic sublattices) 

The relaxation for a SrM system gives the lattice constants of a and c of 5.932 and 23.206 

Å, respectively. These constants are in good agreement with experimental ones of 5.88 and 23.04 

Å [34]. The energy difference  between the ground state and exited states was calculated with 

three different values of Ueff (= 3.7, 7.0, and 10.3 eV). All possible exited spin configurations, 21 

sets at the five different magnetic sublattices, were considered. The calculated energy difference 

 and magnetic moments per unit cell for each exited state are given in Table 4.1.3. It can be 

seen that the energy difference  is smaller for larger Ueff, while the magnetic moment remains 

almost constant. However, Ueff values larger than 10.3 eV cause unreliable energy and magnetic 

moment for SrM. 
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The calculated energy difference  was then used to obtain exchange integrals using Eq. 

(4.1.4). The input parameters ni, zij, and σi
(0) for each exited state were taken from Table 4.1.1 

and 4.1.2. Fig. 4.1.2 shows exchange integrals for all the possible exited states as a function of 

Ueff. The exchange integrals become smaller as larger Ueff is used. 

 

Table 4.1.3. The energy difference (Ueff) in eV between the ground state and excited states. 
The magnetic moment m in μB are also listed for the excited spin configurations. The s1 and s2 
denote the ecxited sublattices.  
 

s1 s2 (3.7) (7.0) (10.3) m(3.7) m(7.0) m(10.3) 

2a - 0.914 0.519 0.163 20.00 19.99  20.00  

2b - 0.815 0.456 0.153 20.00 19.99  20.00  

4f1 - 3.130 1.663 0.516 79.99 80.00  80.00  

4f2 - 3.164 1.691 0.552 80.00 79.99  79.99  

12k - 3.818 2.091 0.660 -80.00 -79.99  -79.99  

2a 2b 1.727 0.975 0.316 0.00 0.00  0.00  

2a 4f1 2.012 1.112 0.346 60.01 59.99  59.99  

2a 4f2 4.080 2.215 0.716 60.00 60.00  59.99  

2a 12k 4.926 2.630 0.829 -100.00 -99.84  -99.99  

2b 4f1 3.874 2.089 0.660 59.99 60.00  60.00  

2b 4f2 1.692 0.931 0.306 60.01 59.99  59.99  

2b 12k 5.362 2.885 0.916 -99.99 -100.00  -100.00  

4f1 4f2 6.477 3.432 1.091 120.00 120.00  120.32  

4f1 12k 2.609 1.455 0.470 -39.99 -40.00  -39.99  

4f2 12k 2.766 1.539 0.490 -40.00 -40.00  -40.00  

2f1-1 - 1.523 0.816 0.255 60.00 60.00  59.99  

2f1-2 - 1.523 0.816 0.255 60.00 59.99  59.99  

2f2-1 - 1.569 0.843 0.271 59.99 60.00  59.99  

2f2-2 - 1.569 0.843 0.271 60.00 60.00  59.99  

8k - 0.782 0.496 0.144 0.00 0.00  0.00  

4k - 2.060 1.196 0.365 -39.99 -40.00  -39.99  
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4.1.4.2. Temperature dependence of saturation magnetization Ms(T) and maximum energy 

product (BH)max(T) 

The exchange integrals and magnetic moments calculated with Ueff = 7.0 eV were used to 

obtain the m(T) for the five sublattices (2a, 2b, 12k, 4f1, and 4f2). The magnetic moments at 0 K 

(m0,i) for 2a, 2b, 12k, 4f1, and 4f2 sublattices are 4.427, 4.365, 4.432, -4.362, -4.400 μB, 

respectively. These moments were calculated by first principles calculations. In the case of a 

multiple sublattice system, the number of Brillouin functions is the same as the number of 

sublattices. Therefore, there are five different Brillouin functions for the SrM. The calculated 

exchange integrals for 2a·4f1, 2b·4f2, 2b·12k, 12k·4f1, and 12k·4f2 in Fig. 4.1.2 were considered 

for the derivation of the five Brillouin functions, since those exchange integrals are dominant. It 

is noted that the spins at each sublattice are mostly anti-ferromagnetically coupled with the spins 
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FIG. 4.1.2. The sublattice exchange integrals as a function of Ueff (3.7, 7.0, and 10.3 eV). 
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at the nearest sublattices. By considering the five exchange integrals, the m(T) for the five 

sublattices in SrM can be written as 

]|)/(2|)/[(/
1111 ,0

2
,0 fffafaBaa mmJNTksBmm       (4.1.6a) 

|])/(2)/(2|)/[(/ ,0,0
2

,0 2222 kkkbkbfffbfbBbb mmJNmmJNTksBmm     (4.1.6b) 

|])/(2)/(2)/(2|)/[(/ ,0,0,0
2

,0 22221111 bbbkbkfffkfkfffkfkBkk mmJNmmJNmmJNTksBmm   (4.1.6c) 

|])/(2)/(2|)/[(/ ,0,0
2

,0 111111 kkkfkfaaafafBff mmJNmmJNTksBmm       (4.1.6d) 

|])/(2)/(2|)/[(/ ,0,0
2

,0 222222 kkkfkfbbbfbfBff mmJNmmJNTksBmm       (4.1.6e) 

The numbers of nearest neighbors Nij in Eq. (4.1.6) were taken from Table 4.1.2 as 

6 and 3
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Therefore, after substituting the above numbers for Nij, Eq. (4.1.6) becomes Eq. (4.1.7). 

]|)/(12|)/[(/
111 ,0

2
,0 fffaBaa mmJTksBmm       (4.1.7a) 

|])/(12)/(12|)/[(/ ,0,0
2

,0 222 kkkbfffbBbb mmJmmJTksBmm     (4.1.7b) 

|])/(2)/(4)/(6|)/[(/ ,0,0,0
2

,0 222111 bbbkfffkfffkBkk mmJmmJmmJTksBmm    (4.1.7c) 

|])/(18)/(6|)/[(/ ,0,0
2

,0 1111 kkkfaaafBff mmJmmJTksBmm      (4.1.7d) 

|])/(12)/(6|)/[(/ ,0,0
2

,0 2222 kkkfbbbfBff mmJmmJTksBmm      (4.1.7e) 

In order to calculate Jij as a function of the TN, limits were taken for the case that T approaches to 

TN. For example, Eq. (4.1.7a) can be written as )/(
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simple re-arrangement of the above equation, T becomes 
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when T approaches TN. Now, a conversion ratio 

parameter ηa is introduced to obtain )/()/( ,0,0 11 aaaff mmBmmB  . Then, TN can be 

rewritten as
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for the case of T ≈ TN, 

five TN equations for the five sublattices are obtained as 
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The conversion ratio parameters ηi in Eq. (4.1.8)  is calculated using the experimental TN of 750 

K [1] and the exchange integrals at Ueff = 7 eV in Fig. 4.1.2. The following conversion ratio 

parameters were obtained.  

5640.0
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7332.0
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5175.0
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Also, the exchange integrals in Eq. (4.1.8) can be rewritten as 
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After inserting the above exchange integral expressions of Eq. (4.1.9) and the calculated values 

of M0,i into Eq. (4.1.7), m(T) for five sublattices become 
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Since there is strong mutual interdependence among the above five equations, numerical analysis 

was performed, and the  temperature dependence of magnetic moment m(T) for the five 

sublattices is shown in Fig. 4.1.3. The temperature behavior of magnetic moment is the same 
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FIG. 4.1.3. The calculated sublattice magnetic moments as a function of temperature m(T). 
The exchange integrals used to calculate the sublattice magnetic moments are from the 
exchange energies with Ueff of 7.0 eV. 
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FIG. 4.1.5. The temperature dependence of half-remanant magnetization Br/2(T) and intrinsic 
coercivity Hci(T). The open circles are the calculated Br/2(T), and full squares are the semi-
empirical Hci(T). 
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FIG. 4.1.4. The calculated and experimental saturation magnetizations as a function of 
temperature Ms(T). The open circles are the Ms(T) from the calculated sublattice m(T), and full 
circles are experimental Ms(T).  
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behavior as well-known, typical ferromagnetic behavior of ferrite. The magnetic moment at 12k 

sublattice decreases more rapidly than the other sublattices as the temperature increases, even 

though the TN for all the sublattices is the same. After having converted magnetic moment to 

magnetization, the calculated and experimental [1] Ms(T) are compared in Fig. 4.1.4. The number 

of Fe3+ ions at 12k sublattice per unit cell is 12, which is the same number as all the other Fe3+ 

ions summed, and the spin directions for the 4f1 and 4f2 sublattices are opposite to the 2a, 2b and 

12k sublattices. Therefore, the total Ms(T) for SrM is very likely to follow m(T) for the 12k 

sublattice. 

The figure of merit for a permanent magnet is the maximum energy product (BH)max. 

Accordingly, (BH)max(T) is calculated based on the calculated Ms(T) and semi-empirical intrinsic 

coercivity (Hci(T)) [1]. The intrinsic coercivity (Hci) over the temperature range of 100 to 700 K 
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FIG. 4.1.6. The calculated maximum energy product as a function of temperature (BH)max(T). 
The open circles are the calculated data from the calculated temperature dependences of 
saturation magnetization Ms(T). Red and blue squares indicate experimental room temperature 
(BH)max. 
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is larger than half of the remnant magnetization Br/2 for SrM as shown in Fig. 4.1.5. By 

neglecting pinning of the nucleation and assuming only coherent rotation with a rectangular 

magnetic  hysteresis loop, Br(T) can be taken the same as the temperature dependence of the 

saturation magnetization Ms(T), and nucleation field (HN) is also the same as Hci. Therefore, 

(BH)max(T) can be calculated by the following equation [35]. 

4

)(
)()(

2

max
TB

TBH r       (4.1.11) 

Fig. 4.1.6 shows the calculated (BH)max(T).  It reproduces the experimental (BH)max values at 

room temperature (4.8 [36] and 4.0 [37] MGOe) reasonably well.  The difference may be 

attributed to imperfect magnetic orientation and existence of secondary phases, including 

hematite.  

 

4.1.5. Conclusion 

The exchange integrals of hexagonal strontium ferrite (SrFe12O19) were calculated in 

order to obtain the temperature dependences of magnetic moments m(T) for the five magnetic 

sublattices (2a, 2b, 12k, 4f1, and 4f2). The density functional theory (DFT) and generalized 

gradient approximation with Coulomb and exchange interaction effects (GGA+U) were used for 

all calculations. The exchange integrals with Ueff of 7.0 eV were then employed to the five inter-

related Brillouin functions for the sublattice m(T) calculations. The saturation magnetization 

Ms(T) for SrFe12O19 was obtained by summation of the sublattice m(T) and compared with an 

experimental Ms(T). It was found that the calculated Ms(T) was in good agreement with the 

experimental values. The temperature dependence of maximum energy product (BH)max(T) was 

also calculated from the Ms(T). The calculated (BH)max(T) shows that the value at 300 K is 5.9 
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MGOe, which is close to the experimental values of Hitachi (4.8 MGOe) [36] and Cochardt (4.0 

MGOe) [37]. 
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4.2 Thermomagnetic stability of strontium ferrite particles with different shapes4 

4.2.1. Introduction 

M-type hexaferrite (BaFe12O19: BaM or SrFe12O19: SrM) magnet is the most 

widely used permanent magnet for electric machines owing to its high magnetization, 

magnetocrystalline anisotropy, Curie temperature, and chemical stability. There have 

been many synthetic methods to produce BaM or SrM particles. The conventional 

ceramic method requires firing a mixture of hematite (α-Fe2O3) and barium or strontium 

carbonate (BaCO3/SrCO3) particles at 1200 oC [1]. The fired mixture is milled to reduce 

the particle size to the single magnetic domain size. This resulted in lattice strains in the 

particles [2]. The coercivity of ferrite prepared by this method is much lower than the 

theoretically estimated coercivity of single-domain particles [3]. Therefore, many 

unconventional processes, including sol-gel [4-9], hydrothermal [10-16], co-precipitation 

[17-24] reverse microemulsion processes [25-27], and spray pyrolysis [28] have been 

developed to address the above issue. Furthermore, precursor-directed synthetic method 

was also developed to achieve desired size and morphology with superior dispersibility 

[29-33]. Both saturation magnetization (σs) and intrinsic coercivity (Hci) are much lower 

than those of single crystal SrM and BaM (σs = 74.3 emu/g and Hci = 6700 Oe for SrM; σs 

= 72 emu/g and Hci = 6000 Oe for BaM) [34]. Furthermore, Park et al., calculated 76 

emu/g of the saturation magnetization at 300 K for SrM [35]. 

Recently, Zhao, et al. have synthesized well-dispersed quasi-spherical BaM 

particles using a precursor-directed method. The σs and Hci of the BaM particles are 68.3 

emu/g and 5342 Oe at 300 K [36], respectively. In this process, spherical Fe3O4 particles 

                                                 
4 This work was published as “Thermomagnetic Stability of M-type Strontium Ferrite (SrFe12O19) Particles with 
Different Shapes,” in Electronic Materials Letters 12, 100 (2016) by Jihoon Park, Yang-Ki Hong, et al. 
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were synthesized by dissolving FeCl3·6H2O in ethylene glycol (organic solvent) and 

autoclaving at 200 oC for 10 hours. Then, a mixture of Fe3O4 and BaCO3 was pre-calcined 

at 400 oC for 4 hours and calcined again at 950 oC for 6 hours to convert the 

Fe3O4/BaCO3 to 0.33 μm BaM particles. Spherical shaped BaM has been reported for 

magnetic properties and interaction of the particles for recording media applications 

[29,30]. However, thermomagnetic stability of peanut-like SrM particles and M-type 

hexamerics are not yet reported.  

In this paper, we used a benign water-based and low temperature precursor-

directed method to synthesize peanut-like SrM particles and hexagonal SrM platelets. The 

shape of SrM particles was controlled by both size and shape of precursory Fe3O4 

particles. Static magnetic properties, interactions, and thermomagnetic stability are 

reported for both peanut-like SrM particles and hexagonal SrM platelets.  

 

4.2.2. Experimental 

Two types of Fe3O4 particles with different size and shape were prepared. One is 

submicron polyhedral particles, and the other is nanometer spherical particles. SrCO3 

nanoparticles were prepared as the Sr source for the transformation of a mixture of Fe3O4 

and SrCO3 to SrM. First, we synthesized spherical Fe3O4 nanoparticles by the following 

process. FeCl2 was dissolved in deionized (DI) water, namely solution A, and both KOH 

and KNO3 were dissolved in DI water, i.e. solution B. Solution A was dropped into 

solution B at a rate of 0.8 mL/min under N2 atmosphere, and the mixed solution was 

heated to 90 oC under O2 atmosphere. Consequently, iron oxide precipitates formed. The 

precipitates containing solution was cooled down to room temperature and washed with 
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DI water to remove residual cations and anions. This process is called forced hydrolysis. 

For the synthesis of submicron polyhedral Fe3O4 particles, we used the same process as 

the one used for the nanometer spherical Fe3O4 particles, but reversing the mixing order 

of A and B. 

Next, SrCO3 nanoparticles were synthesized by adding citric acid to Sr(NO3)2 

dissolved DI water at 70 oC. NH3·H2O was subsequently dropped into the Sr(NO3)2 

solution until the pH of the solution reached 7. The solution was maintained at 100 oC 

until the solution turned to black solid bulk. The black bulk was manually ground, and 

then annealed at 600 oC for 2 hours to obtain 50 nm white SrCO3 particles. The 

synthesized SrCO3 nanoparticles were rice-like shaped. 

Lastly, a mixture of polyhedral or spherical Fe3O4 particles and SrCO3 particles 

was calcined at 900 oC for 4 hours in air, therefore, transforming to SrM particles. The 

calcined particles were subject to acid-washing to remove secondary oxide phase such as 

paramagnetic SrFe2O4. 

Crystalline phases of Fe3O4 and SrM particles were identified with x-ray 

diffraction (XRD). The particles were characterized by vibrating sample magnetometer 

(VSM) and physical property measurement system (PPMS) for magnetic properties. The 

particle size and size distribution were determined from transmission electron microscopy 

(TEM) and scanning electron microscope (SEM) images. 

 

4.2.3. Results and discussion 

The results from the three studied subjects are discussed in this section. The first 

subject is about crystalline identification and morphology of the synthesized Fe3O4 and 
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SrM particles. The second includes static magnetic properties and interactions for the two 

differently shaped SrM particles, i.e. peanut-like and hexagonal platelet. Lastly, 

thermomagnetic stability of the SrM particles is discussed.  

Figure 4.2.1 shows XRD patterns for the two synthesized Fe3O4 particles. All 

indexed XRD peaks correspond to Fe3O4. TEM and SEM images of submicron Fe3O4 

particles are shown in Fig. 4.2.2 (a) and (b), respectively, while those of nanometer Fe3O4 

particles are shown in Fig. 4.2.2 (c) and (d). The shape of Fe3O4 particles in Fig. 4.2.2 (a) 

and (b) is polyhedral (370 nm in average diameter), and the particle shape in Fig. 4.2.2 (c) 

and (d) is spherical (50 nm in average diameter). As mentioned earlier, the order of 

solution preparation has a key role in determining the particle size and shape of Fe2O3 

particles. Fig. 4.2.3 shows XRD patterns for as-calcined and acid-washed SrM particles. 

 
 
FIG. 4.2.1. XRD patterns of as-synthesized submicron polyhedral and nanometer spherical 
Fe3O4 particles. 
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FIG. 4.2.3. XRD patterns for (a) as-calcined and (b) acid-washed peanut-like SrM particles, 
and for (c) as-calcined and (d) acid-washed hexagonal SrM platelets.  

 

 
FIG. 4.2.2. (a) TEM and (b) SEM images of as-synthesized polyhedral Fe3O4 particles (370 
nm in average diameter) and (c) TEM and (d) SEM images of spherical Fe3O4 particles (50 
nm in average diameter). The insets in (b) and (d) show the shapes of polyhedral and 
spherical Fe3O4 particles, respectively.  
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All XRD peaks correspond to SrM, including secondary phase of SrFe2O4. After 

acid-washing, SrFe2O4 peaks disappear as shown in Fig. 4.2.3 (b) and (d). This indicates 

that acid- washed SrM is much purer than as-calcined one. Fig. 4.2.4 shows the particle 

size and morphology of the acid-washed peanut-like SrM particles and hexagonal SrM 

platelets. The average diameter of peanut-like SrM particles is 0.45 µm and 1.0 µm for 

hexagonal SrM platelets.  

After calcining a mixture of polyhedral Fe3O4 and SrCO3 particles, the original 

shape of Fe3O4 seems to retain as shown in Fig. 4.2.4 (a) and (b). Even though the larger 

size Fe3O4 (370 nm) was used in synthesis of peanut-like SrM particles, the resulted 

particle size (0.45 μm) is smaller than hexagonal SrM platelets (1 μm). Fig. 4.2.5 (a) and 

(b) show schematic illustrations for formation of peanut-like SrM particles and hexagonal 

 

 
FIG. 4.2.4. SEM images of (a) and (b) for peanut-like SrM particles (0.45 μm), and of (c) and 
(d) for hexagonal SrM platelets (1 μm).  
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                                                (a)           (b) 
FIG. 4.2.5. Schematic illustrations for the formation of (a) peanut-like SrM particles (0.45 μm 
in average diameter) and (b) hexagonal SrM platelets (1.0 μm in average diameter). 
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SrM platelets. It is speculated that SrM nano-crystallites nucleate inside submicron Fe3O4 

particles and become sintered particles, namely peanut-like shape as shown in Fig. 4.2.5 

(a). On the other hand, when 50 nm Fe3O4 particles are used, Fe and Sr cations inter-

diffuse and redistribute due to solid-state reaction between neighboring particles during 

the calcination, thereby crystallizing to SrM hexagonal platelets. It is noted that a low 

calcination temperature limits the inter-particle diffusions between SrM particles. 

Therefore, the secondary phase (SrFe2O4) between SrM particles appears as a matrix to 

maintain the size and shape of both peanut-like SrM particles and hexagonal SrM 

platelets as shown in Fig. 4.2.5 (a) and (b).  

Regarding static magnetic properties, Fig. 4.2.6 shows hysteresis loops before and 

 
FIG. 4.2.6. Magnetic hysteresis loops and virgin curves of as-calcined and acid-washed 
peanut-like SrM particles and hexagonal SrM platelets at 300 K. 
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after acid-washing for both peanut-like SrM particles and hexagonal SrM platelets. As 

shown in Fig. 4.2.3, the secondary phase, paramagnetic SrFe2O4, disappeared after acid-

washing. Therefore, the magnetization (σ) at 21 kOe largely increased to 69 emu/g from 

33 emu/g for peanut-like SrM particles, and to 65 emu/g from 40 emu/g for hexagonal 

SrM platelets.   On the other hand, the Hci slightly decreased to 4.3 kOe from 4.7 kOe for 

peanut-like SrM particles, and to 5.3 kOe from 5.4 kOe for hexagonal SrM platelets. This 

is attributed to an absence of the paramagnetic phase SrFe2O4 in SrM powder. The shape 

of hysteresis loops indicates that the SrM particles follow the Stoner-Wolfarth 

magnetization reversal process [3]. This means that the SrM particles have single 

magnetic domain and uniaxial anisotropy, and are randomly oriented. However, it is 

noted that virgin curves of the hysteresis loops in Fig. 4.2.6 shows kinks. This implies that 

magnetic switching field distribution (SFD) is broad, therefore, implying a wide Hci 

distribution for SrM powder. This is confirmed by the Henkel plot, which is presented 

below.  

In general, magnetic particles are strongly agglomerated. Therefore, we have 

measured delta M (ΔM) curves (Henkel plot) for both peanut-like SrM particles and 

hexagonal SrM platelets to understand coercivity distribution and magnetic interaction. 

The ΔM curve is defined as the difference of two zero-field remanence curves [37]: 

ΔM(H) = 2IRM(H)/IRM(∞) + DCD(H)/DCD(∞) - 1, where IRM is the isothermal 

remanent magnetization, DCD is the dc demagnetization curve, and H is the applied 

magnetic field. A positive value of ΔM implies exchange interactions, while the negative 

value is due to dipolar interactions.  Fig. 4.2.7 shows measured ΔM curves. A peak 

position in ΔM curve corresponds to remanent coercivity. Multiple negative peaks are 
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observed in the ΔM curves, indicating that there are dipolar interactions between the 

particles, and multiple coercivities exist in both SrM powders. It is noted that peanut-like 

SrM particles show a broader coercivity distribution than hexagonal SrM platelets. A 

major remanent coercivity of the peanut-like SrM particles appears at a lower magnetic 

field, i.e. 5.2 kOe, and its distribution is wider than hexagonal SrM platelets (6.4 kOe), 

therefore, wider SFD for peanut-like SrM particles than hexagonal SrM platelets. This is 

because a peanut-like SrM particle contains several randomly oriented SrM nano-

crystallites, as illustrated in Fig. 4.2.5 (a). The SrM nano-crystallites seem not to have the 

same coercivity, leading to a large SFD. This is in good agreement with the hysteresis 

loops in Fig. 4.2.6.  

 
 
FIG. 4.2.7. Delta M curves derived for peanut-like SrM particles and hexagonal SrM platelets. 



 

63 
 

 

Lastly, thermomagnetic stability of the two differently shaped SrM particles will 

be discussed. Magnetic hysteresis loops at various temperatures were obtained with the 

maximum applied field of 9 T. Fig. 4.2.8 shows temperature dependence of saturation 

magnetization, i.e. σs(T), for peanut-like SrM particles, hexagonal SrM platelets and SrM 

single crystal [34], including calculated result [35]. The σs of peanut-like SrM particles 

and hexagonal SrM platelets at 300 K are 74.2 and 73.6 emu/g, respectively. These values 

are close to the theoretical σs of 76 emu/g at 300 K [35]. Therefore, both peanut-like SrM 

particles and hexagonal SrM platelets seem to be close to pure SrM. However, it is noted 

that the σs at 2 K is 97.0 emu/g for hexagonal SrM platelet, which is smaller than σs (98.6 

emu/g) at 50 K. This is an experimental error because the magnetization must decrease 

 
FIG. 4.2.8. Temperature dependence of saturation magnetization measured for peanut-like 
SrM particles and hexagonal SrM hexagonal platelets. The inset represents magnetic 
hysteresis loops at 400 K. 
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with increasing temperature due to thermal agitation of ordered spins. The σs(T) of 

peanut-like SrM particles and hexagonal SrM platelets are in good agreement with the 

calculated and experimental σs(T) of SrM single crystal. This indicates that after acid-

washing of as-calcined SrM particles, its purity increased as confirmed by x-ray patterns 

in Fig. 4.2.3. It is worth noting that σs still remains high even at 400 K; 60 emu/g for 

hexagonal SrM platelets and 50 emu/g for peanut-like SrM particles.  

Thermomagnetic stability can be explained by the temperature coefficient of 

magnetization and intrinsic coercivity, i.e. α = Δσs/σs and β = ΔHci/Hci. We took a slop of 

σs(T) or Hci(T) curve to calculate α or β. The α is -0.16 %/K for peanut-like SrM particles, 

and is -0.12 %/K for hexagonal SrM platelets. Therefore, the hexagonal SrM platelets are 

more thermally stable than peanut-like SrM particles. Also, this is in good agreement with 

 
 
FIG. 4.2.9. Temperature dependence of intrinsic coercivity measured for peanut-like SrM 
particles and hexagonal SrM platelets. 
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that the hexagonal SrM platelets retain 60 emu/g at 400 K, but 50 emu/g for peanut-like 

SrM particles.  

The other thermomagnetic stability of magnetic particles can be explained by the 

temperature dependence of intrinsic coercivity, i.e. Hci(T). Fig. 4.2.9 shows the 

temperature dependence of coercivity for peanut-like SrM particles, hexagonal SrM 

platelets, and SrM single crystal [34]. The Hci(T) of SrM single crystal was 

semi-empirically calculated. All coercivities increase with temperature from 75 K to 400 

K, showing positive temperature coefficients of coercivity. The Hci of hexagonal SrM 

platelets is higher than that of peanut-like SrM particles at all measured temperatures. The 

β is 0.15 %/K for peanut-like SrM particles and 0.12 %/K for hexagonal SrM platelets. 

Therefore, the hexagonal SrM platelets are more stable than peanut-like SrM particles. 

Thermomagnetic stability for both SrM is summarized in Table 4.2.1.  

 

 

4.2.4. Conclusions 

Magnetizations at 21 kOe for both peanut-like SrM particles and hexagonal SrM 

platelets are close to the theoretical value at 300 K. The saturation magnetizations at 

300 K are 74.2 emu/g for the peanut-like SrM particles and 73.6 emu/g for the hexagonal 

Table 4.2.1. Thermomagnetic stability for peanut-like SrM particles and hexagonal SrM 
platelets.  
 

Thermomagnetic stability Peanut-like SrM particles Hexagonal SrM platelets 

α = Δσs/σs (%/K) -0.16 -0.12 

β = ΔHci/Hci (%/K) 0.15 0.12 
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SrM platelets, while intrinsic coercivities of the hexagonal SrM platelets (5.36 kOe) are 

higher than that of the peanut-like SrM particles (4.43 kOe).  

The temperature coefficient of intrinsic coercivity (β = ΔHci/Hci) is positive for 

both types of SrM. The β of the peanut-like SrM particles is 0.15 %/K and that of the 

hexagonal SrM platelets is 0.12 %/K. Both SrM particles exhibit good thermomagnetic 

stability up to 400 K.  
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4.3 Coercivity of strontium ferrite platelets near single domain size5 

4.3.1. Introduction 

The systematic study of intrinsic coercivity (Hci) behavior of M-type hexaferrite 

(BaFe12O19: BaM or SrFe12O19: SrM) platelets near the single domain size (DSD) is still lacking 

[1], but over the range between 1.0 and 10 μm. This size range is far from the DSD. In order to 

complete the size dependence of coercivity behavior near the DSD, we have synthesized M-type 

hexaferrite platelets with various diameters from 0.64 to 0.99 μm by firing a mixture of acicular 

goethite (α-FeOOH) and SrCO3 particles at 900 oC in air. The platelet size was controlled by the 

molar ratio of α-FeOOH to SrCO3, and secondary phases were removed by acid (HCl) washing. 

The synthetic process will be published elsewhere.  

 

4.3.2. Results and discussion 

Fig. 4.3.1 shows x-ray diffraction (XRD) patterns for SrFe12O19 (SrM) platelets with 

various molar ratios.  All XRD peaks correspond to SrM. The corresponding scanning electron 

microscope (SEM) images and histograms of SrM platelets are presented in Fig. 4.3.2. It is found 

that the average diameter (D) increases from 0.65 to 0.92 µm as the iron (Fe) to strontium (Sr) 

molar ratio (Fe/Sr) increases from 6 to 10. 

Fig. 4.3.3 shows the molar ratio dependence of diameter (D) and thickness (t). It is noted 

that both the D and t linearly increase with the molar ratio by following Eq. (1): 

D = 0.06465x + 0.28204 and t = 0.03586x – 0.05078,      (4.3.1)  

where x is the Fe/Sr molar ratio. 

                                                 
5 This work was published as “Coercivity of SrFe12O19 Hexaferrite Platelets Near Single Domain Size,” in IEEE 
Magnetics Letters 6, 5500203 (2016) by Jihoon Park, Yang-Ki Hong, et al. 



 

70 
 

 

We have measured the Hci and σ of randomly oriented SrM platelets at 300 K. Fig. 4.3.4 

shows magnetic hysteresis loops for SrM platelets with various D, and the inset shows the 

corresponding second quadrant of the loop to distinguish Hci. The Hci and σ are plotted as a 

function of D in Fig. 4.3.5 using the experimental data summarized in Table 4.3.1. The 

magnetization, σ, slightly decreases with increasing the D, while the intrinsic coercivity, Hci, 

shows its maximum at ~ 0.83 μm. This diameter is a little larger than the theoretical 0.74 μm 

(2RSD) of spherical SrM particles (RSD = radius of single domain particle), which was calculated 

by Eq. (2) [2]. 

 
 

FIG. 4.3.1. XRD patterns of the SrM particles for Fe/Sr = (a) 6, (b) 8, and (c) 10. 
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FIG. 4.3.2. SEM images and histograms of the SrM particles for Fe/Sr = (a) 6, (b) 8, and (c) 
10.  
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FIG. 4.3.4. Magnetic hysteresis loops for the SrM platelets with various sizes. 

 
FIG. 4.3.3. The Fe/Sr molar ratio (x) dependence of average diameter (D) and thickness (t) for 
the SrM platelets. 
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Table 4.3.1. The detailed values of Fe/Sr molar ratio dependence of average diameter (D) of 
SrM platelets, and corresponding magnetization (σ) at 21 kOe and intrinsic coercivity (Hci). 
 

Fe/Sr D (µm) σ at 21 kOe (emu/g) Hci (Oe) 

6 0.65 ± 0.15 69 4953 

7 0.73 ± 0.12 66 5186 

8 0.83 ± 0.11 66 5234 

9 0.88 ± 0.14 70 4570 

10 0.92 ± 0.10 66 3594 

11 0.99 ± 0.14 65 3546 

 
FIG. 4.3.5. The average diameter dependence of magnetization (σ) at 21 kOe and intrinsic 
coercivity (Hci) of SrM platelets. 
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where A is the exchange constant, K is the effective anisotropy constant, μ0 is the permeability of 

free space, and Ms is the saturation magnetization in emu/cm3 unit. We used 0.61 × 10-6 erg/cm 

of A [3], 3.57 × 106 erg/cm3 of K [4], and 337 emu/cm3 (= 66 emu/g) of Ms to calculate RSD of 

0.37 µm (DSD = 0.74 µm). This Hci difference between the platelet and spherical particles is 

consistent with the micromagnetic simulation results for hexagonally and spherically shaped 

hexaferrite single domain particles [5]. The single domain size (DSD) has been observed over the 

range of 0.5 to 1.0 µm [6-11]. Therefore, our measured 0.83 µm of the DSD is in close agreement 

with the previously observed size. 

 
FIG. 4.3.6. The average diameter dependence of intrinsic coercivity (Hci) for hexagonal SrM 
platelets (this work) and hexagonal BaM platelets [1]. 
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We have extended the previous coercivity-to-size plot [1] to the single domain size and 

below by using the Hci values in Table 4.3.1, and show the plot over the range of 0.65 to 8 μm in 

Fig. 4.3.6. The Hci above 0.83 µm of the DSD decreases as the particle size increases. This is 

attributed to domain wall motion of multi-domain particle. 

   

4.3.3 Conclusions 

We have extended the size dependence of intrinsic coercivity, Hci, of M-type hexaferrite 

platelets of Fig. 11.1 [1] to the single domain size and below. The single domain size of 

strontium hexaferrite (SrFe12O19) platelet was experimentally determined and is in close 

agreement with the theoretical one.   
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CHAPTER 5 

ELECTRONIC STRUCTURE OF La-Co SUBSTITUTED STRONTIUM FERRITE6 

5.1. Introduction 

The maximum energy product, (BH)max, of commercial La-Co substituted M-type 

hexaferrite (Sr1-xLaxFe12-xCoxO19: La-Co-SrM) permanent magnets has already reached 5.2 

MGOe [1]. This (BH)max increased from 4.8 MGOe [1] and 4.0 MGOe [2] for non-substituted M-

type hexaferrite (SrFe12O19: SrM) permanent magnet. This is because partial substitution of Sr2+-

Fe3+ by La3+-Co2+ in SrM increased intrinsic coercivity (Hci), while saturation magnetization (σs) 

remained unchanged up to x = 0.3 [3,4]. On the contrary, Kikuchi et al. [5] experimentally found 

that Hci reached its maximum at x = 0.4, and the σs gradually decreased with increasing 

concentrations of La3+-Co2+. 

Hui et al. [6] have performed first principles calculations on La3+-Co2+ substituted SrM 

and reported that Co2+ substitution in the 2a sites exhibits the lowest total energy. Both lattice 

constants, a and c, decreased with the substitution of La3+-Co2+ in the 2d and 2a sites, and the 

magnetic moment increased to 46 µB/u.c. from 40 µB/u.c. of SrM. This magnetic moment is 

surprisingly high for M-type hexaferrite. The electrical properties of La3+-Co2+ substituted SrM 

has not yet been studied. The Fe3+ cation at the 2a site anti-ferromagnetically interacts with Fe3+ 

at the 4f1 sites. 

                                                 
6 This work was published as “Electronic Structure of La-Co Substituted Strontium Hexaferrite 
(Sr1-xLaxFe12-xCoxO19) Permanent Magnet,” in IEEE Magnetics Letters 7, 5500403 (2016) by Jihoon Park, Yang-Ki 
Hong, et al. 
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Therefore, we have performed first principles calculations on La3+-Co2+ substituted SrM 

(Sr1-xLaxFe12-xCoxO19) hexaferrites with x = 0.0 and 0.5 to calculate electronic structure and gain 

insight into the band gap (Eg).  

 

5.2. Methods of calculations 

The WIEN2k program [7] was used to perform first principles calculations. This program 

package is based on the density functional theory (DFT) and uses the full-potential linearized 

augmented plane wave (FPLAPW) method with the   dual basis set. Electron exchange and 

correlation were treated with the generalized gradient approximation (GGA) with Coulomb and 

exchange interaction effects (GGA+U) to improve the description of localized Fe 3d electrons. In 

our calculations, we have used a Ueff of 7.0 eV, determined by Néel temperature (TN) calculation 

of SrFe12O19 [8]. The relaxed lattice constants, a and c, were used for the total energy and 

magnetic moment calculations. It has been reported that Co2+ cations preferentially occupy 2a 

and 4f2 sites [9,10,11], and the calculated total energy is the lowest when Co2+ substitutes Fe3+ at 

the 2a site [6]. Therefore, in our calculations, we consider only that Co2+ cations occupy the 2a 

sites. 

 

5.3. Results and discussion 

The lattice constants, a and c, of Sr0.5La0.5Fe11.5Co0.5O19 decreased to 5.86 and 22.98 Å, 

respectively, from 5.93 and 23.21 Å of SrFe12O19. This is in good agreement with experimental 

results [12]. Fig. 5.1 shows that the substitution of Co2+ in the 2a site decreases the magnetic 

moment of the 2a site, while all the other sites remain unchanged. The calculated total magnetic 

moments (mtot) and relaxed lattice constants are summarized in Table 5.1 for 
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Sr1-xLaxFe12-xCoxO19   (x = 0.0 and 0.5). The mtot is the sum of magnetic moments from Fe (m2a, 

m2b, m12k, m4f1, and m4f2) and O (mo) sublattices, and interstitial site (mi). Therefore, the mtot was 

calculated by Eq. (5.1). 

mtot = 2m2a + 2m2b - 4m4f1 - 4m4f2 + 12m12k + 38mo + mi        (5.1) 

 
Table 5.1. Effect of La and Co substitution on magnetic moment and lattice constant of SrM 
(x = 0.0) and La-Co SrM (x = 0.5). 
 

 SrFe12O19 Sr0.5La0.5Fe11.5Co0.5O19 

Substituted site (La, Co)  2d, 2a 

Magnetic Moment 
(µB/u.c.) 

40.00 37.04 

a (Å) 5.93 5.86 

c (Å) 23.21 22.98 

 
FIG. 5.1. Sublattice magnetic moments in Bohr magneton (µB)/atom as a function of the 
concentration of La/Co (x). 
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Fig. 5.2 shows that the mtot decreases as the concentration of Co2+ increases, which is in good 

agreement with experimental results [5]. It is noted that the substitution of Co2+ in the 2a site has 

negligible influence on the magnetic moments at the other Fe sites. The mtot decreased from 40 

µB/u.c at x = 0.0 to 37.04 µB/u.c at x = 0.5, which is much smaller than 46 µB/u.c. at x = 0.5 [6]. 

Fig. 5.3 shows the density of states (DOS) for Sr1-xLaxFe12-xCoxO19 (x = 0.0 and 0.5). We 

have interpreted calculated density of states (DOS) to gain insight into the band gap (Eg) of M-

type hexaferrites. Fig. 5.3 (a) shows that SrM is a semiconductor with an Eg of 0.06 eV, which is 

smaller than the reported 0.63 eV [13]. It is noted that the Eg of 0.06 eV is calculated by the 

energy difference between the highest energy of the majority spin valence band (6.24 eV) and 

the lowest energy of the minority spin conduction band (6.30 eV). On the other hand, the DOS in 

Fig. 5.3 (b) implies that the La3+-Co2+ substitution leads to the transfer of electrons to higher 

energy levels, thereby producing highly degenerated states within the energy levels higher than 

 
FIG. 5.2. Total magnetic moments in Bohr magneton (µB)/u.c. as a function of the 
concentration of La/Co (x). 
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(a) 

 
(b) 

FIG. 5.3. Density of states (DOS) for (a) SrFe12O19 (x = 0.0) and (b) Sr0.5La0.5Fe11.5Co0.5O19 (x 
= 0.5). The DOS near the Fermi energy (EF) in the green boxes are enlarged on the right sides. 
The blue lines represent total DOS, and the red vertical lines correspond to the EF. 
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the Fermi energy (EF). Therefore, Sr0.5La0.5Fe11.5Co0.5O19 becomes half-metallic because the Eg at 

the EF exists only in the majority spin state. 

 

5.4. Conclusions 

In summary, we have calculated electronic structures of M-type Sr1-xLaxFe12-xCoxO19 (x = 

0.0 and 0.5) ferrites. It was found that when Co2+ cations occupy only the 2a sites, the magnetic 

moment of the 2a site rapidly decreases with increasing concentrations of La3+-Co2+, but the 

magnetic moments of the other sites show negligible changes. La3+-Co2+ substituted SrM 

becomes half-metallic because the Eg exists only in the majority spin state.  
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CHAPTER 6 

ELECTRONIC STRUCTURE AND MAGNETIC PROPERTIES OF Mn SUBSTITUTED FePt7 

6.1. Introduction 

Ferromagnetic L10-ordered FePt is a potentially promising material for heat-assisted 

magnetic recording (HAMR) application due to its high magnetocrystalline anisotropy that 

suppresses superparamagnetism in nanoscale grains.  However, the corresponding high 

coercivity exceeds the magnetic field from a recording head.  HAMR addresses this issue by 

temporarily lowering the coercivity by heating the local area of the recording media above the 

Curie temperature (Tc).  Recently, Weller et al. have suggested the following magnetic properties 

and Curie temperature of recording media to achieve the areal density of 4 Tb/in2 [1]: saturation 

magnetization (Ms) of 900 emu/cm3, magnetocrystalline anisotropy (K) of 5 × 107 ergs/cm3
, and a 

Curie temperature (Tc) of 650 - 600 K.  The Tc of L10 Fe50Pt50 is 753 K [2], and a lower Tc is 

desired to reduce the heat power requirement for HAMR.  Experimental Tc and magnetic 

properties have been reported for Ni-, Cu-, and Mn-doped FePt [3-10], but those reported results 

do not meet the above desired properties. 

For theoretical studies of Mn-doped FePt, Burkert, et al. performed first principles 

calculations on Fe1-xMnxPt using virtual crystal approximation (VCA) [12].  They assumed a 

ferromagnetic order up to 25 % Mn with the magnetic moments aligned parallel to each other.  

The calculated results show that the magnetic moment and magnetocrystalline anisotropy energy 

(MAE) increase with the Mn concentration (x); magnetic moment increases by 2 %; and MAE 

                                                 
7 This work was published as “Magnetic properties of Fe-Mn-Pt for heat assisted magnetic recording applications,” 
in Journal of Applied Physics 117, 053911 (2015) by Jihoon Park, Yang-Ki Hong, et al. 
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increases by 33 % for x = 0.25 as compared to pure FePt.  However, these calculated results are 

in disagreement with experimental results that saturation magnetization (Ms) and anisotropy 

constant (K) decrease as x increases [11].   

On the other hand, Gruner, et al. used large scale first principles calculations to 

investigate the structural and magnetic properties of Fe1–xMnxPt nanoparticles in the size range of 

up to 2.5 nm (561 atoms) [13].  They reported that substitution of Mn for Fe effectively increases 

the stability of single crystalline L10 particles, however, compromises the stability of the 

ferromagnetic phase due to increased antiferromagnetic interaction.  The authors concluded that 

only small additions of Mn can be tolerated for data recording applications.  However, their work 

is limited to calculations of magnetic moment, crystalline stability, and stability of the 

ferromagnetic phase. 

In this paper, we study the density of states (DOS) of L10-ordered FePt and Mn-

substituted FePt (Fe0.5Mn0.5Pt) system to understand the origins of Ms, K, and phase stability, and 

then optimize the chemical composition of Fe1–xMnxPt for the desired magnetic properties and Tc.  

Spin and orbital magnetic moments and K were obtained by first principles calculations, and the 

mean field approximation (MFA) was used to calculate the Tc.  Then, we predicted the Mn 

concentration (x) dependence of Tc in the Fe1-xMnxPt system to find the range of x to meet the 

desired Tc of 650 - 600 K.  The Brillouin function and Callen-Callen experimental relation were 

used to obtain temperature dependence of Ms and K, respectively, at the desired x. 

 

6.2. Method of calculations 

The WIEN2k package [14] was used to perform first-principles calculations.  The 

package is based on density functional theory (DFT) and uses the full-potential linearized 
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augmented plane wave (FPLAPW) method with the dual basis set.  For L10-ordered FePt and 

Fe0.5Mn0.5Pt, the 3p, 3d, and 4s states of Fe; 4d, 4f, 5p, 5d, and 6s states of Pt; and 3p, 3d, and 4s 

states of Mn are treated as valence states.  All calculations use 21 × 21 × 22 reciprocal space 

meshes, generating 2,431 k-points in the irreducible part of the Brillouin zone.  The muffin tin 

radii (RMT) for Fe, Pt, and Mn are set to 2.44 a.u.  Experimental lattice constants of a = 3.86 Å 

and c = 3.71 Å [15] are used for the FePt calculation, while relaxed lattice constants of a = 3.77 

Å and c = 3.69 Å are used for the Fe0.5Mn0.5Pt calculation.  Fig. 6.1 shows the crystal structures 

of the L10-ordered FePt and Fe0.5Mn0.5Pt used in the present calculations.  All spin-polarized and 

spin-orbit coupling calculations are based on density functional theory within the local-spin-

density approximation (LSDA).   

 

6.3. Results and discussion 

6.3.1. Density of states and magnetic moments of FePt and Fe0.5Mn0.5Pt 

  
                                     (a)                   (b) 
FIG. 6.1. Crystal structures of (a) L10-ordered FePt and (b) Fe0.5Mn0.5Pt with atoms colored as 
Fe-red, Pt-purple, and Mn-blue. 
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We used two different spin configurations for Fe0.5Mn0.5Pt to calculate magnetic 

properties (Tc, Ms, and K).  They are ferromagnetic and ferrimagnetic spin configurations 

between Fe and Mn ions.  The total energy difference between ferromagnetic and ferrimagnetic 

spin configurations reveals that the ferrimagnetic spin configuration is more stable than the 

ferromagnetic spin configuration.  Therefore, we use the ferrimagnetic spin configuration for 

Fe0.5Mn0.5Pt in our calculations.  Fig. 6.2 shows the density of states (DOS) for FePt and 

Fe0.5Mn0.5Pt.  The DOS at energies higher than 0.1 Ry is mostly attributed to d bands of Fe, Mn, 

and Pt.  

In FePt, the d bands of Pt form a bonding state, while the d bands of Fe form an anti-

bonding state at the Fermi energy (EF) in the minority spin state.  The d bands of both Fe and Pt 

significantly overlap below the EF in the majority spin state; therefore, strong d-d hybridization 

exists between Fe and Pt.  Above the EF, the d bands of Fe and Pt are almost completely 

overlapped in the majority spin state; while the shapes of both d bands are very similar in the 

minority spin state, the magnitudes are different.  This indicates that the ferromagnetic spin 

configuration of FePt originates from the d-d hybridization between Fe and Pt. 

Substituting Mn for one of the two Fe atoms in a FePt unit cell (Fe0.5Mn0.5Pt) resulted in 

a significant change in the DOS as shown in Fig. 6.2 (b), even though only one electron 

difference exists between FePt and Fe0.5Mn0.5Pt.  Fe0.5Mn0.5Pt has similar characteristic of the d-

d hybridization between the d bands of Pt and Fe or Mn to FePt, but in different spin states.  The 

d bands of Fe and Pt significantly overlap in the majority spin state below the EF, and the d bands 

of Mn and Pt also overlap in the minority spin state.  Above the EF, the strong d-d hybridization 

between the d bands of Pt and Fe (Mn) in both majority and minority states plays a key role in 

the DOS.  The d bands of Fe and Pt are almost completely overlapped in the majority spin state, 
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(a) 

 
(b) 

FIG. 6.2. Density of states (DOS) of (a) FePt and (b) Fe0.5Mn0.5Pt for majority and minority 
spin states. The black line represents the total DOS, and blue, green, and pink lines represent 
the partial DOS of Fe, Mn, and Pt, respectively. The red vertical line corresponds to the Fermi 
energy (EF). 
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while the d bands of Mn and Pt are overlapped in the minority spin state.  The shapes of the d 

bands of Fe and Pt in the minority spin state and those of Mn and Pt in the majority spin state are 

similar, but only the magnitude is different.  This strong d-d hybridization results in the transfer 

of electrons to a lower energy level, thereby producing a pseudogap near the EF. 

Figure 6.2 (b) shows that the pseudogap in the majority spin state of Fe0.5Mn0.5Pt is 

exactly at the EF, referring to an ordered intermetallic compound of high bonding strength and 

melting point; in fact, the DOS study of L10-ordered MnPt showed that the pseudogap exists in 

both majority and minority spin states [16].  However, the pseudogap in the minority spin state is 

located at lower energy than the EF, inside a sharp peak of the DOS in Fig. 6.2 (b).  This 

indicates that a disordered and unstable state, i.e., anti-bonding occurs.  The DOS for 

Fe0.5Mn0.5Pt with ferromagnetic spin configuration (not shown in this paper) was also obtained.  

It was found that stronger d-d hybridization occurs in the majority spin state than in the minority 

spin state, and the EF lies neither in a pseudogap nor peak position in both majority and minority 

spin states.  Therefore, non-bonding occurs.  By comparing the total energies and DOS of 

ferromagnetic and ferrimagnetic spin configurations, we can conclude that the Fe0.5Mn0.5Pt 

system with ferrimagnetic spin configuration could be considered as a stable and ordered 

intermetallic compound.   

This DOS analysis for the stability of Fe0.5Mn0.5Pt can be compared with an L10-ordered 

CoPt system.  In CoPt, the EF in the minority spin state lies in a sharp peak, and a pseudogap 

does not exist in both majority and minority spin states [17], which implies that Fe0.5Mn0.5Pt with 

the pseudogap could be a relatively stable structure.  These Mn substitution effects on the DOS 

of FePt can be used to tune the position of the EF, and make the crystal structure of Fe1-xMnxPt 

more stable by controlling the concentration of Mn (x).  
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We obtained magnetic moments of Fe, Pt, and Mn in FePt and Fe0.5Mn0.5Pt using spin-

polarized and spin-orbit coupling calculations, and summarize them in Table 6.1.  The total 

magnetic moment of FePt is in good agreement with theoretically [12,16,18] and experimentally 

obtained magnetic moments for both bulk [15] and nanoparticles [19] FePt.  It was found that the 

orbital contribution to the total magnetic moment is much smaller than the spin contribution.  

The high magnetic moments of Fe in FePt, and Fe and Mn in Fe0.5Mn0.5Pt are attributed to the 

increased intensities of the d bands of both Fe and Mn near the EF by the d-d hybridization with 

the d band of Pt.  On the other hand, the d band of Pt in both FePt and Fe0.5Mn0.5Pt are 

distributed over a large energy range in both majority and minority spin states.  Therefore, Pt 

gives a minor contribution to the total magnetic moment. 

 

6.3.2. Curie temperature and anisotropy constant of L10-ordered FePt and Fe0.5Mn0.5Pt 

Table 6.1. Calculated (Cal.) and experimental (Exp.) spin and orbital magnetic moments (μB) 
of L10-ordered FePt and Fe0.5Mn0.5Pt. 

 Spin Moment Orbital Moment Total 
momentFe Pt Mn Fe Pt Mn 

FePt 

Cal.a 2.87 0.38 – 0.064 0.045 – 3.359 
Cal.b 2.92 0.36 – 0.069 0.045 – 3.242 
Cal.c 2.92 0.33 – – – – 3.23 
Cal.d 2.93 0.33 – 0.08 0.05 – 3.40 

Exp.e at 0 K 2.90 0.34 – – – – 3.24 
Exp.f at 300 K 2.38 0.41 – 0.204 0.042 – 3.036 

Fe0.5Mn0.5Pt Cal.g 2.28  0.007 -3.34 0.155 0.026 -0.05548 -0.928
athis work, WIEN2K calculations within the DFT-LSDA 
bReference 12. FP-LMTO-LDA  
cReference 16. VASP calculations within the DFT-GGA  
dReference 18. LMTO-ASA 
eReference 15. Fe50Pt50 ~100 μm particles - extrapolated to 0 K 
fReference 19. Fe50Pt50 6.3 nm particles at 300 K 
gthis work, WIEN2K calculations within the DFT-LSDA 
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We calculated the Curie temperature (Tc) for both FePt and Fe0.5Mn0.5Pt using the 

following MFA expression [20]: 

03

2
J

k
T

B
c    

j
jJJ 00
,     (6.1) 

where J0 is the molecular field parameter calculated by summing the exchange integrals J0j, and 

kB is the Boltzmann constant.  The factor γ is given by S(S+1)/S2 for quantum spins and 1 for 

classical spins [20]. We chose γ = 1.33 based on our spin moment calculation in Table 6.1.  The 

exchange integrals (J0j) are obtained from the difference of exchange energies between the 

ground and excited states of the spin configuration of sublattices.  The ground state is the most 

stable spin configuration, while the excited state i refers to the configuration in which the spin at 

sublattice i is inverted relative to the ground state.   The exchange integral [21] is written as 

)4/()( ijijijiijij znSSJ  ,     (6.2) 

where Si is the spin of i-th atom, Δi is the difference of exchange energies between the ground 

state and the excited state where spin Si at sublattice i is inverted relative to the ground state, Δij 

is the difference of exchange energies between the ground state and the excited state where both 

spins Si and Sj at sublattices i and j are inverted relative to the ground state, ni is the number of i-

th atoms, and zij is the number of neighboring j-th atoms to i-th atom.  Here, the exchange 

integrals J0j of only significant interactions over all neighboring spins j were taken into account 

in our calculations by building the supercell structures (two L10-ordered FePt or Fe0.5Mn0.5Pt unit 

cells).  Note that the exchange integrals J0j is derived using only Fe and/or Mn sublattice(s), 

since Pt has a small induced spin moment.  The number of the nearest neighboring atoms (zij) 

from the j-th sublattice to the i-th sublattice and corresponding distance (rij) are listed in Table 

6.2. 
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Table 6.3. Calculated (Cal.) and experimental (Exp.) magnetizations, magnetocrystalline 
anisotropy energies (MAE), anisotropy constants (K), and Curie temperatures (Tc) of L10-
ordered FePt and Fe0.5Mn0.5Pt.  

 Magnetization (emu/cm3) MAE (meV/u.c.) K (× 106 J/m3) Tc (K) 

FePt 

Cal.a 1127 3.83 11.09 685 

Cal.b – 5.6 16.3 –  

Cal.c – 5.8 – – 

Cal.d – – 7.7 – 

Cal.e – – – 1105e 

Exp.  

939f at 0 K – 7i at 300 K 753l 

1019g at 300 K – 5.9j at 300 K 623m 

1130h at 300 K – 4.4k at 300 K – 

Fe0.5Mn0.5Pt Cal.n -329 -2.63 -8.06 90 
athis work, WIEN2K calculations within the DFT-LSDA 
bReference 18. LMTO-ASA calculations 
cReference 16. VASP calculations within the DFT-GGA 
dReference 25. CLSDA calculations  
eReference 26. KKR-CPA calculations  
fReference 15. Fe50Pt50 ~100 μm particles - extrapolated to 0 K  
gReference 19. Fe50Pt50 6.3 nm particles 
hReference 11. Fe53Pt47 75 nm film  
iReference 23. Fe-Pt bulk  
jReference 24. Fe48Pt52 4 nm particles 
kReference 11. Fe53Pt47 75 nm film  
lReference 2. Fe50Pt50 bulk  
mReference 22. Fe-Pt 6 nm particles 
nthis work, WIEN2K calculations within the DFT-LSDA 

Table 6.2. The number of nearest neighbors (z0i) and corresponding distances (r0i) in the unit of 
Å in FePt and Fe0.5Mn0.5Pt. 

 
# of nearest neighbors Distance 

z01 z02 z03 z04 r01 r02 r03 r04 

FePt 4 2 4 8 2.73 3.71 3.86 4.61 

Fe0.5Mn0.5Pt 4 2 2 4 2.67 3.69 3.69 3.77 

 



 

93 
 

As a result, the calculated J0 = 4.89 mRy for FePt corresponds to the mean-field 

estimated Tc = 685 K, while the J0 = 0.65 mRy for Fe0.5Mn0.5Pt yields the Tc = 90 K.  The 

calculated Tc for FePt is in good agreement with the experimental Tc for bulk [2] and 

nanoparticles [22] FePt as given in Table 6.3.  Since MFA overestimates Tc in general, this close 

agreement may suggest that our electronic structure calculation compensates by underestimating 

exchange energies.   

Next, we calculated K for both FePt and Fe0.5Mn0.5Pt.  MAE was obtained as the energy 

difference between <100> and <001> spin configurations, i.e., ΔE = E<100> - E<001>.  The 

calculated K at T = 0, K(0), of FePt is 11.09 × 106 J/m3, and is larger than experimental K for 

bulk [23], nanoparticles [24], and film [11] FePt at 300 K as given in Table 6.3.  It is noted that 

the large K of FePt is attributed to the strong d-d hybridization. 

On the other hand, the substitution of Mn in FePt leads to a dramatic change of K(0) from 

a large positive value of 11.09 × 106 J/m3 to a large negative value of -8.06 × 106 J/m3.  This 

indicates that Mn-substitution in FePt changes the direction of magnetization from out-of-plane 

to in-plane.  Our calculated Ms(0), MAE, K(0), and Tc for FePt and Fe0.5Mn0.5Pt are given and 

compared with experimental [2,11,15,19,22,23,24] and calculated [16,18,25,26] values in 

Table 6.3. 

 

6.3.3. Curie temperature, magnetization, and anisotropy constant of Fe1-xMnxPt 

In this section, we use the calculated Tc for FePt and Fe0.5Mn0.5Pt to identify a 

composition range of Fe1-xMnxPt, which meets 600 - 650 K of Tc for 4 Tb/in2 HAMR media 

requirements [1].  It has been reported that the Tc for Fe1-xMnxPt particles more or less linearly 

decreases with the x [6,7].  Our calculated Tc of FePt and Fe0.5Mn0.5Pt are 685 and 90 K, 
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respectively.  The Tc (685 K) at x = 0 is in good agreement with the experimental Tc for FePt 

particles [6], but the Tc of 90 K at x = 0.5 is much lower than the experimental one.  The neutron 

diffraction measurement for Fe0.5Mn0.5Pt micron particles showed the Tc of 530 K [6], while the 

Tc of about 300 K was measured by the vibrating sample magnetometer (VSM) for Fe0.5Mn0.5Pt 

film [11], which is closer to our calculated value.  These higher values of measured Tc could be 

attributed to the surface segregation of Mn or Fe [11] and phase transformation due to increasing 

instability of the L10-ordered structure with increasing Mn concentration [6].   

Therefore, we assume a linear relation between the Tc and x (broken line between 685 

and 90 K in Fig. 6.3) to predict the composition dependence of Tc.  It can be seen that the slope 

 
FIG. 6.3. Predicted and experimental x dependence of Curie temperature Tc(x) for Fe1-xMnxPt. 
The Tc of 650 - 600 K for HAMR application are marked by the yellow region. The required x 
to meet the Tc of 650 - 600 K is between 0.0294 and 0.0713, and marked by the blue region.  
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of our calculated Tc(x) is close to experimental Tc(x) of the 50 nm film [7].  Because our 

calculations aim at the Tc in the range of 600 to 650 K for 4 Tb/in2 HAMR media, we choose x = 

0.0294 - 0.0713 as highlighted in Fig. 6.3.  The Tc between 600 and 650 K is marked by the 

yellow region, and the corresponding x is marked by the blue region. 

Now, we focus on the Ms and K of Fe1-xMnxPt.  It has been reported that transition metal 

substitution in FePt results in a steady reduction of Ms and K [3,11].  Therefore, we consider that 

the Ms and K of Fe1-xMnxPt would linearly decrease as a function of x at 0 K.  Fig. 6.4 shows our 

calculated Ms and K at 0 K for x = 0 and 0.5.  The calculated Ms are 1127 and -329 emu/cm3, and 

K are 11.09 and -8.06 × 106 J/m3 for FePt and Fe0.5Mn0.5Pt, respectively.  The negative sign for 

Ms of Fe0.5Mn0.5Pt indicates that the Mn spin is opposite to the direction of the Fe spin.  The x 

 
FIG. 6.4. Predicted and experimental x dependence of magnetization Ms(x) and anisotropy 
constant K(x) for Fe1-xMnxPt. The Ms and K for x of 0.0294 and 0.0713 (blue region) are 1041 
- 919 emu/cm3 and 9.96 - 8.36 × 106 J/m3 (yellow regions), respectively. 
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dependence of magnetization Ms(x) and anisotropy constant K(x) for Fe1-xMnxPt is taken as a 

linear relation (broken lines) as shown in Fig. 6.4.  As seen in Fig. 6.3, we choose x = 0.0294 - 

0.0713 because these compositions meet the desired Curie temperature range (600 - 650 K).  

Accordingly, the Ms = 1041 - 919 emu/cm3 and K = 9.96 - 8.36 × 106 J/m3 were obtained at x = 

0.0294 - 0.0713 (Fe1-xMnxPt) as shown in Fig. 6.4.  The x = 0.0294 - 0.0713 are marked by the 

blue region, and the corresponding Ms and K are identified by the yellow regions in Fig. 6.4.  The 

experimental Ms and K at 300 K for Fe1-xMnxPt film more or less linearly decrease with the x 

[11].  This supports a linear relation between the Ms or K and x at 0 K.  It is noted that the Fe1-

xMnxPt films [11] are based on (Fe1-xMnx)53~47Pt47~53 composition, and Ms and K were measured 

at 300 K.  Therefore, these measured Ms and K can be different from our calculated data, which 

are based on (Fe1-xMnx)50Pt50 at 0 K. 

 

6.3.4. Temperature dependence of magnetization and anisotropy constant of Fe1-xMnxPt 

Information data is stored at room temperature.  Therefore, it is needed to obtain Ms and 

K at room temperature for Fe1-xMnxPt.  The temperature dependence of magnetization Ms(T) 

within MFA [27] is given by 

),()0()( Jss BMTM       (6.3) 

where BJ is the Brillouin function with angular quantum number J and normalized temperature  

= T/Tc.  Similarly, within the MFA, the temperature dependence of anisotropy constant K(T) is 

given by the Callen-Callen experimental relation [28] as 

2/)1()]()[0()(  nnTmKTK ,     (6.4) 

where n is the power of the anisotropy function and m(T) is the normalized magnetization 

Ms(T)/Ms(0).  n for uniaxial anisotropy is 2.  As seen in Fig. 6.4, the Ms of Fe1-xMnxPt (x = 0.0000, 
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0.0294, and 0.0713) at 0 K are 1127, 1041, and 919 emu/cm3, and K are 11.09, 9.96, and 8.36 × 

106 J/m3, respectively. 

We use these Ms(0) and K(0) to calculate the Ms(T) and K(T) of Fe1-xMnxPt (x = 0.0000, 

0.0294, and 0.0713) with Eq. (6.3) and (6.4).  The calculated Ms(T) and K(T) are compared with 

experimental Ms [3,7,11,15,19] and K [3,7,11,23,24] in Fig. 6.5 and 6.6, respectively.  The 

experimental Ms for Fe50Pt50 nanoparticles [20] at 300 K is in good agreement with our 

calculated Ms, while the Ms for Fe53Pt47 film [11] and Fe55Pt45 film [3] are higher than our 

calculated values.  It is also noted that the Ms for Fe55Pt45 film [3] is higher than our calculated 

Ms for Fe50Pt50 in Fig. 6.5.  This is due to higher Fe content in the former case.  Ms(T) for 

Fe45Mn5Pt50 films [7] almost overlaps with our calculated Ms(T) of Fe46.435Mn3.565Pt50.  This 

 
FIG. 6.5. The calculated temperature dependence of magnetizations Ms(T) for Fe1-xMnxPt (x = 
0.0000, 0.0294, and 0.0713) and experimental magnetizations for different compositions, 
morphologies, and temperature.  
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shows that our calculation method is reliable for FePt system.  The calculated Ms(T) [26] is in 

disagreement with the experimental data.  This is because the calculated Tc of 1105 K [26] is 

much higher than the experimental Tc of 753 K for Fe50Pt50 bulk [2], 623 K for 6 nm Fe-Pt 

particles [22]. 

With regards to K(T), our calculated value is higher than the experimental value below 

550 K, but lower than the experimental value for Fe55Pt45 film [3] above 550 K.  It is also seen 

that the experimental K for Fe-Pt bulk [23] and Fe48Pt52 nanoparticles [24] are higher than for 

Fe53Pt47 [11] and Fe55Pt45 films [3].  This can be explained by the variation of FePt composition.  

 
FIG. 6.6. The calculated temperature dependence of anisotropy constants K(T) for Fe1-xMnxPt 
(x = 0.0000, 0.0294, and 0.0713) and experimental K for different compositions, 
morphologies, and temperatures.  
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However, our calculated K(T) for Fe46.435Mn3.565Pt50 is in good agreement with the experimental 

K(T) for 50 nm thick Fe45Mn5Pt50 film [7] above 300 K. 

As shown in Fig. 6.5 and 6.6, our calculated Ms and K at 300 K are 1022, 930, and 800 

emu/cm3 and 8.33, 7.18, and 5.61 × 106 J/m3 at 0.0000, 0.0294, and 0.0713 of x, respectively.  

Therefore, it can be concluded that the optimum x in Fe1-xMnxPt is between 0.0294 and 0.0713 

for HAMR media design, since both calculated Ms and K at 300 K meet 4 Tb/in2 HAMR media 

requirements, which are Ms of 800 emu/cm3 and K of 5.00 × 106 J/m3 at 300 K [1], while 

maintaining the Tc in the range of 650 and 600 K. 

In order to validate our method to calculate Ms and K of Fe1-xMnxPt at 300 K, we have 

compared the calculated data with the experimental results.  The calculated Ms and K at 300 K as 

a function of x are normalized and compared with the normalized experimental data at 300 K 

 
FIG. 6.7. The normalized x dependence of magnetization Ms(x) and anisotropy constant K(x) 
for experimental and calculated Fe1-xMnxPt. 
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[7,11] as shown in Fig. 6.7.  The data points of the experimental x [11] were used to calculate 

Ms(x)/Ms(0) and K(x)/K(0).  For comparison with previously reported calculations, we had also 

added the large-scale first-principles calculation results at 0 K [13] to Fig. 6.7.  Our calculated 

and experimental Ms(x)/Ms(0) [11] for x < 0.11 at 300 K are in good agreement, but the 

difference between the calculated and experimental Ms(x)/Ms(0) increases for x > 0.11.  

Furthermore, overall trends of the calculated and experimental K(x)/K(0) are in good agreement 

with each other, but the experimental K(x)/K(0) dramatically drops from x = 0.03.  This 

disagreement between calculated and experimental Ms(x)/Ms(0) and K(x)/K(0) might be 

attributed to the following possible reasons.  The first is the limited accuracy of our calculation 

method that assumes a linear relation between the magnetic properties (Tc, Ms, and K) and x.  The 

other is the difference between calculated and experimental compositions.  According to G. 

Meyer and J.-U. Thiele [11], their experimental composition is based on (Fe1-xMnx)yPt1-y, where y 

varies from 0.47 to 0.53, but we used an L10-ordered (Fe1-xMnx)50Pt50 composition in our 

calculations.   

 

6.4. Conclusions 

We calculated the magnetization (Ms), magnetocrystalline anisotropy constant (K), and 

Curie temperature (Tc) for L10-ordered FePt and Fe0.5Mn0.5Pt.  The calculated Ms and K for FePt 

were in good agreement with reported experimental results.  The DOS study indicates that the d-

d hybridization stabilizes the crystal structure of Fe0.5Mn0.5Pt.   

Our calculated composition Fe1-xMnxPt (0.0294 ≤ x ≤ 0.0713) meets Tc = 650 - 600 K, Ms 

= 930 - 800 emu/cm3 and K = 7.18 - 5.61 × 106 J/m3at 300 K.  These magnetic properties are 

suitable for achieving 4 Tb/in2 HAMR media [1].  
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CHAPTER 7 

ELECTRONIC STRUCTURE AND MAGNETIC PROPERTIES OF NANOCRYSTALLINE 
SOFT MAGNETS8 

7.1. Introduction 

Soft magnetic materials with high saturation magnetic flux density (Bs), low coercivity 

(Hc), high permeability (µ), and low core loss (P) are necessary for the electronics and power 

industry, especially for energy saving. Among the important magnetic properties for the 

application, the Bs is especially significant for miniaturization of the devices in the electric and 

power systems because high Bs materials produce large magnetic flux per unit volume. Therefore, 

silicon steel [1] is widely used due to its high Bs (≥ 1.90 T), low cost, and good productivity [2]. 

However, its low µ of 720 at 1 kHz and high Hc of 26 A/m lead to a magnetic flux density (B) of 

only 1.51 T at an applied magnetic field of 800 A/m [3]. In recent decades, soft magnetic 

materials with excellent magnetic softness and high µ, such as FINEMET (Fe-Si-B-Nb-Cu) [4], 

NANOPERM (Fe-M-Cu, M = Zr, Hf, Nb, etc.) [5], HITPERM [(Fe, Co)-M-B-Cu, M = Zr, Hf, 

Nb, etc.] [6], and NANOMET (Fe-Si-B-P-Cu) [7,8] have been developed. These magnetic 

materials consist of Fe-based magnetic crystalline and amorphous phases, as well as a Cu based 

paramagnetic phase. The paramagnetic Cu is used as a nucleation agent of the Fe based 

crystalline phase [9], and its addition in the proper amount causes a decrease in the average grain 

size, as well as an increase in the density of nanograins, therefore, resulting in a decreased Hc [8]. 

Also, the B stabilizes the glassy amorphous phase [10]. The Hc and µ of the FINEMET (Fe-Si-B-

Nb-Cu) are noticeably improved to 0.5 A/m and 150,000 at 1 kHz, respectively. However, its 

                                                 
8 This work was published as “Elctronic Structures of Nanocrystalline Fe90-xCuxSi10-yBy Soft Magnets,” in AIP 
Advances 6, 055915 (2016) by Jihoon Park, Yang-Ki Hong, et al. 
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low B of 1.23 T at 800 A/m restricts the full usage of the material. The most recently developed 

nanocrystalline soft magnetic material, NANOMET, with high Fe concentration exhibits a high 

B of 1.82 T at 800 A/m, low Hc of 5.8 A/m, and high µ of 27,000 at 1 kHz [3]. However, the 

theoretical study on the composition dependence of Bs for Fe-Si-B-Cu has not yet been reported. 

Therefore, in this paper, we study the Bs dependence on the composition of 

Fe90-xCuxSi10-yBy (0 ≤ x ≤ 2 and 0 ≤ y ≤ 10). The density of states (DOS) of crystalline (Fe3Si) 

and amorphous (Fe-B) phases were separately obtained, and the corresponding magnetic 

moments and Bs were calculated. The calculated Bs of crystalline and amorphous phases were 

subsequently used to obtain the total Bs of Fe90-xCuxSi10-yBy by Bs = Bsc·Vc/V + Bsa·Va/V, where V 

is the total volume, and the subscripts c and a represent the crystalline and amorphous phase, 

respectively. 

 

7.2. Method of calculations 

In order to calculate the two different magnetic phases, we have used two separate tools 

to perform the first-principles calculations. The electronic structure of crystalline phase (Fe-Si) 

was calculated by the WIEN2k package [11] and the electronic structure of the amorphous phase 

(Fe-B) was calculated by the Vienna ab initio simulation package (VASP) [12,13]. The WIEN2k 

package is based on the density functional theory (DFT) and uses the full-potential linearized 

augmented plane wave (FPLAPW) method with the dual basis set. The number of k-points in the 

full Brillouin zone was set to be 9,261 (21 × 21 × 21). Experimental lattice constants of a = b = c 

= 5.65 Å [14] were used for the crystalline phase (Fe3Si) calculation. Fig. 7.1 illustrates the 

crystal structure of the Fe3Si used in the present calculations. In the Fe3Si structure, there are two 
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different sublattices for Fe. The Wyckoff symbols for the two sublattices are 8c and 4b, 

consisting of 8 and 4 Fe atoms, respectively, in a unit cell as shown in Fig. 7.1. All spin-

polarized and spin-orbit coupling calculations were performed within the local-spin-density 

approximation (LSDA). 

The electronic structure of amorphous phase (Fe-B) was calculated by the ab initio 

molecular dynamics (AIMD) [15] using VASP. Cubic supercells containing 250 atoms with a 

periodic boundary condition are used to model the alloys. All the alloys are initially equilibrated 

at 3000 K for 8 ps (1 ps = 10-12 s), followed by quenching to 0 K to produce amorphous 

structures. The cubic cell is further relaxed to reach its local stable structure within the minimum 

energy landscape. In the amorphous Fe-B structures, Fe and B are randomly positioned. 

Therefore, atomic distances are also random, but the distance between each Fe is regularly much 

 
FIG. 7.1. Crystal structure of Fe3Si with atoms colored as Fe-red and Si-light blue. 
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larger than that between Fe and B. Accordingly, the volume of the Fe-B decreases with 

increasing B concentration. The structures are not shown in this paper. 

 

7.3. Results and discussion 

The DOS of Fe3Si is shown in Fig. 7.2. It is seen that the energy region near the Fermi 

energy (EF) is mostly attributed to the d bands of Fe. The d bands from 8c and 4b sublattices near 

the EF show different behaviors, therefore, the magnetic moments from the 8c and 4b sublattices 

are different. The spin and orbital magnetic moments from Fe (8c), Fe (4b), and Si are 

summarized and compared with calculated [16] and experimental [17] results in Table 7.1. It is 

seen that the calculated spin moments are in good agreement with the calculated and 

 
FIG. 7.2. Density of states (DOS) for Fe3Si. The black line represents the total DOS, and blue, 
green, and pink lines represent the partial DOS of Fe (8c), Fe (4b), and Si, respectively. The 
red vertical line corresponds to the Fermi energy (EF). 
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experimental results in the references. The total magnetic moment of Fe3Si is calculated to be 

5.21 µB/f.u., which is converted to 1.35 T. 

If only one Cu atom (x = 1) exits in Fe90-xCuxSi10-yBy and the number of B atoms vary 

from 1 to 9 (1 ≤ y ≤ 10), the number of Fe3Si crystallites can vary from 9 to 0 and the consequent 

Fe-B compositions become Fe62B1, Fe65B2, Fe68B3, Fe71B4, Fe74B5, Fe77B6, Fe80B7, Fe83B8, 

Fe86B9 and Fe89B10, respectively. These Fe to B ratio is fixed in the 250 atom cubic supercell to 

perform the AIMD calculation. The calculated DOS of Fe62B1 and Fe86B9 are shown in Fig. 7.3. 

The increasing B concentration results in the destroyed degeneracy of the DOS near the EF, 

therefore, decreasing magnetic moments. The calculated magnetic moments of the Fe62B1 

(Fe0.984B0.016), Fe68B3 (Fe0.958B0.042), Fe74B5 (Fe0.937B0.063), Fe80B7 (Fe0.920B0.080), and Fe86B9 

 

Table. 7.2. Calculated magnetic moments (B) and corresponding magnetic flux density (T) 
for the amorphous Fe-B in Fe89Cu1Si10-yBy. 
 

 Fe62B1 Fe68B3 Fe74B5 Fe80B7 Fe86B9 
 (Fe0.984B0.016) (Fe0.958B0.042) (Fe0.937B0.063) (Fe0.920B0.080) (Fe0.905B0.095)

Total Moment 
(B) 

567.18 533.91 523.09 519.16 510.33 

Magnetic Flux 
Density  

(T) 
2.22 2.14 2.12 2.10 2.08 

 

Table. 7.1. Calculated and experimental total and element specific spin and orbital magnetic 
moments (µB) and corresponding magnetic flux density (T) for crystalline Fe3Si. 
 

 Spin Moment (µB) Orbital Moment (µB) Total 
Moment 

(µB) 

Magnetic 
Flux density 

(T) 
 Fe 

(8c) 
Fe 

(4b) 
Si Fe (8c) Fe (4b) Si 

Cal.a 1.31 2.54 -0.04 0.02245 0.04727 -0.00008 5.21 1.35 
Cal.b 1.35 2.56 -0.06 - - - 5.20 1.35 
Exp.c 1.35 2.4 -0.07 - - - 5.03 1.30 

aThis work, WIEN2K calculations within the DFT-LSDA. 
bRef. 16. WIEN2K calculations within the DFT-GGA. 
cRef. 17. particle size ≤ 44 µm.  
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(Fe0.905B0.095) are listed in Table 7.2. It is noted that the magnetic moment decreases with the 

increasing B concentration due to the decreasing Fe concentration, therefore, decreasing α-Fe 

like crystal structure in the amorphous Fe-B. 

Similarly, in the case where two Cu atoms (x = 2) exit in Fe90-xCuxSi10-yBy and the number 

of B atoms vary from 1 to 9 (1 ≤ y ≤ 10), the number of Fe3Si crystallites can vary from 9 to 0 

and the consequent Fe-B compositions become Fe61B1, Fe64B2, Fe67B3, Fe70B4, Fe73B5, Fe76B6, 

Fe79B7, Fe82B8, Fe85B9, and Fe88B10, respectively. The trends of the calculated DOS of Fe61B1 

and Fe85B9 in Fig. 7.4 and magnetic moments of Fe61B1 (Fe0.984B0.016), Fe73B5 (Fe0.936B0.064), and  

Fe85B9 (Fe0.904B0.096) in table 7.3 are similar to the case of x = 1, i.e., the decreasing magnetic 

moment with increasing B concentration. 

 
FIG. 7.3. Density of states (DOS) for (a) Fe62B1 and (b) Fe86B9. The blue and green lines 
represent the total DOS of Fe62B1 and Fe86B9, respectively. The red vertical line corresponds 
to the Fermi energy (EF). 
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Next, the Bs dependence on the compositions of Fe90-xCuxSi10-yBy (0 ≤ x ≤ 2 and 0 ≤ y ≤ 

10) was calculated by Bs = Bsc·Vc/V + Bsa·Va/V, where V is the total volume, and the subscripts c 

and a represent the crystalline (Fe3Si) and amorphous (Fe-B) phases, respectively. Here, the Bsc 

and Bsa are the Bs of Fe3Si and Fe-B, respectively, and the Vc and Va are the volumes of Fe3Si and 

Fe-B. It is noted that the volume of Cu was also considered in the Bs calculations for the 

Fe90-xCuxSi10-yBy. The calculated Bs and volumes are summarized in Table 7.4 for Fe89Cu1Si10-yBy 

Table. 7.3. Calculated magnetic moments (B) and corresponding magnetic flux density (T) 
for the amorphous Fe-B in Fe88Cu2Si10-yBy. 
 

 Fe61B1 Fe73B5 Fe85B9 
 (Fe0.984B0.016) (Fe0.936B0.064) (Fe0.904B0.096) 

Total Moment (B) 561.60 528.18 502.64 
Magnetic Flux 

Density (T) 
2.15 2.10 2.04 

 

 
FIG. 7.4. Density of states (DOS) for (a) Fe61B1 and (b) Fe85B9. The blue and green lines 
represent the total DOS of Fe61B1 and Fe85B9, respectively. The red vertical line corresponds 
to the Fermi energy (EF). 
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and in Table 7.5 for Fe88Cu2Si10-yBy. According to Table 7.4 and Table 7.5, the Bs of 

Fe90-xCuxSi10-yBy increases with increasing B concentrations (y). The relation between B 

concentration and Bs for the Fe89Cu1Si10-yBy and Fe88Cu2Si10-yBy are presented in Fig. 7.5, and 

compared with Bs of α-Fe and Fe3Si. Fig. 7.5 shows that a Bs higher than 1.8 T can be achieved 

with a y similar to or higher than 4 for both Fe89Cu1Si10-yBy and Fe88Cu2Si10-yBy. 

 

7.4. Conclusions 

In summary, in an effort to investigate the composition dependence of saturation 

magnetic flux density (Bs) for the nanocrystalline Fe90-xCuxSi10-yBy, FPLAPW and AIMD 

Table. 7.5. Calculated magnetic flux density (T) and volumes (Å3) for (10 – y)·Fe3Si, Fe-B, 
and 2·Cu, and corresponding magnetic flux density(T) for Fe88Cu2Si10-yBy. 
 

y Fe88Cu2Si10-yBy Composition 

1 
9·Fe3Si Fe61B1 2·Cu Fe88Cu2Si9B1 

1.35 T 203 Å3 2.22 T 753 Å3 0 T 24 Å3 1.69 T 

5 
5·Fe3Si Fe73B5 2·Cu Fe88Cu2Si5B5 

1.35 T 113 Å3 2.16 T 916 Å3 0 T 24 Å3 1.85 T 

9 
1·Fe3Si Fe85B9 2·Cu Fe88Cu2Si1B9 

1.35 T 23 Å3 2.10 T 1078 Å3 0 T 24 Å3 1.99 T 
 

Table. 7.4. Calculated magnetic flux density (T) and volumes (Å3) for (10 – y)·Fe3Si, Fe-B, 
and 1·Cu, and corresponding magnetic flux density (T) for Fe89Cu1Si10-yBy. 
 

y Fe89Cu1Si10-yBy Composition 

1 
9·Fe3Si Fe62B1 1·Cu Fe89Cu1Si9B1 

1.35 T 203 Å3 2.22 T 740 Å3 0 T 12 Å3 1.73 T 

3 
7·Fe3Si Fe68B3 1·Cu Fe89Cu1Si7B3 

1.35 T 158 Å3 2.14 T 826 Å3 0 T 12 Å3 1.78 T 

5 
5·Fe3Si Fe74B5 1·Cu Fe89Cu1Si5B5 

1.35 T 113 Å3 2.12 T 911 Å3 0 T 12 Å3 1.87 T 

7 
3·Fe3Si Fe80B7 1·Cu Fe89Cu1Si3B7 

1.35 T 68 Å3 2.10 T 999 Å3 0 T 12 Å3 1.96 T 

9 
1·Fe3Si Fe86B9 1·Cu Fe89Cu1Si1B9 

1.35 T 23 Å3 2.08 T 1084 Å3 0 T 12 Å3 2.03 T 
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calculations for the crystalline (Fe3Si) and amorphous (Fe-B) phases were performed, 

respectively. The calculated Bs for the Fe3Si and Fe-B were used to derive the total Bs of 

Fe90-xCuxSi10-yBy (1 ≤ x ≤ 2 and 1 < y < 9). It was found that increasing the B concentration 

results in an increased Bs for both x = 1 and 2, and consequently, reaching higher than 1.8 T for y 

≥ 4. 
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CHAPTER 8 

ELECTRONIC STRUCTURE AND MAGNETIC PROPERTIES OF MnB SOFT MAGNETS9 

8.1. Introduction 

The 3d transition metal borides have received much attention because of their hardness, 

high melting point, wear resistance, corrosion resistance, and catalytic properties, as well as good 

electric and thermal conduction and magnetic properties [1-5]. We are interested in MnB due to 

its high saturation magnetization (Ms) and low coercivity (Hci). Although Hund’s rule predicts 

the highest magnetic moment for Mn among all the 3d transition metals, Mn metal shows 

antiferromagnetic behavior due to its close atomic distance, filling the outer electron shell with 

electrons of both up and down spins. Therefore, in order to increase the distance between Mn 

atoms, second and third elements have been doped into the Mn metals [6]. Likewise, B doping 

into Mn metal increases the distance between Mn atoms, therefore, transition from 

antiferromagnetic to ferromagnetic order occurs, and its magnetic moment increases. 

In this paper, in order to gain more insight into magnetic properties of the 3d transition 

metal boride MnB alloy, we have performed first-principles calculations to calculate electronic 

structures. We report theoretical Ms, anisotropy constant (K) and temperature dependence of 

saturation magnetization [Ms(T)]. 

 

8.2. Method of calculations 

                                                 
9 This work was published as “Elctronic Structures of MnB Soft Magnets,” in AIP Advances 6, 055911 (2016) by 
Jihoon Park, Yang-Ki Hong, et al. 
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The WIEN2k package [7] was used to perform first-principles calculations. The package 

is based on the density functional theory (DFT) and uses the full-potential linearized augmented 

plane wave (FPLAPW) method with the dual basis set. For the MnB calculations, the 3p, 3d, and 

4s states of Mn and the 2s and 2p states of B were treated as valence states. All calculations used 

a 12 × 12 × 17 mesh generating 2,448 k-points in the irreducible part of the Brillouin zone. The 

muffin tin radii (RMT) were 2.09 a.u. for Mn and 1.63 a.u. for B. Fig. 8.1 illustrates the crystal 

structure of MnB with experimental lattice constants a = 5.58 Å, b = 2.98 Å and c = 4.15 Å [8] 

used in the present calculations. All spin-polarized and spin-orbit coupling calculations are based 

on the density functional theory within the local-spin-density approximation (LSDA). 

 

 

8.3. Results and discussion 

The spin-polarized and spin-orbit coupling calculations were performed for different 

magnetization directions and their relative total energies (ΔE) are summarized in Table 8.1. The 

 
FIG. 8.1. Crystal structures of MnB with atoms colored as Mn-red and B-black. 
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lowest total energy is found for the magnetization direction of <111> in the MnB crystal 

structure, therefore, the spins tend to align in <111> direction at zero applied magnetic field. The 

second lowest energy is found when magnetization is in <010> direction. Therefore, if the spins 

rotate through <010> direction from <111> direction, the anisotropy constant (K) of MnB can be 

calculated by the total energy difference between <010> and <111> spin configurations, ΔE = 

 
FIG. 8.2. Density of states (DOS) for MnB. The black line represents the total DOS, and blue 
and green lines represent the partial DOS of Mn and B, respectively. The red vertical line 
corresponds to the Fermi energy (EF). 

Table 8.1. Magnetization directions and corresponding relative energies (ΔE) in the unit of 
mRy. 
 

Magnetization direction ΔE (mRy) 
001 0.00000 
010 -0.02905 
100 -0.01597 
011 -0.00222 
101 -0.01267 
110 -0.01507 
111 -0.05951 
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E<010> - E<111> = 0.03046 meV/u.c., corresponding to K of 9.6  106 erg/cm3 which is higher than 

the calculated K of 3.3  106 erg/cm3 at 300 K by the Law of Approach to Saturation [9]. 

Fig. 8.2 shows the density of states (DOS) of MnB. It is seen that the energy region near 

the Fermi energy (EF) is mostly attributed to d bands of Mn, therefore, the magnetic moment of 

MnB is mostly contributed by the d bands of Mn. The spin and orbital magnetic moments from 

the spin-polarized and spin-orbit coupling calculations for Mn and B are listed in Table 8.2. 

The total magnetic moment of MnB, i.e., 1.795 B/f.u., is converted to 964.5 emu/cm3   

(1.21 T), and compared with calculated [9] and experimental [10] results in Table 8.3. It is seen 

that the calculated spin moments are in good agreement with the calculated and experimental 

results in the references.  

 

Table 8.2. The calculated spin and orbital magnetic moments per formula unit (f.u.) and Mn 
and B atoms for MnB in the unit of μB. 
 

Direction of  
magnetization  

Spin Moment  Orbital Moment  Total Moment  

f.u. Mn|B f.u. Mn|B f.u. Mn|B 

Spin-
polarized 

1.802 1.862|-0.060   1.802 1.862|-0.060

<111> 1.779 1.837|-0.058 0.01563 0.01587|-0.00024 1.795 1.853|-0.058

 

Table 8.3. The calculated magnetic moments per formula unit (B/f.u.) and corresponding 
magnetizations (emu/cm3) and magnetic flux densities (T) of MnB. 
 

 
Magnetic Moment 

(B/f.u.) 
Magnetization 

(emu/cm3) 
Magnetic Flux 

Density (T) 
Cal.a 1.795 964.5 1.21 
Cal.b 1.914 1034.4 1.30 
Exp.c - 799.8 1.00 

aThis work, WIEN2k calculations within the DFT-LSDA. 
bRef. 9. WIEN2k calculations within the DFT-GGA.  
cRef. 10. bulk. 
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We used the mean field approximation (MFA) [11] to calculate Ms(T), given by: 

)()0()( Jss BMTM 
 

(8.1) 

where Ms(0) is the saturation magnetization at 0 K, BJ is the Brillouin function with angular 

quantum number (J) and normalized temperature (τ = T/Tc). The calculated Ms(0) of 964.5 

emu/cm3 and J of two and experimental Tc of 578 K [10] were used to calculate the Ms(T). The 

calculated Ms(T) is shown in Fig. 8.3 and compared with calculated and experimental Ms [9,10]. 

It is seen that the calculated Ms(T) is in good agreement with the previously reported results. The 

calculated Ms at 300 K is 859.3 emu/cm3 (1.08 T) which is close to the experimental Ms of 851.5 

emu/cm3 [9]. According to the calculated Ms(T) and experimental Ms at 300 K, the Ms of MnB 

(859.3 emu/cm3) is higher than that of permalloy (721.5 emu/cm3) [12], but the K of MnB (9.6  

106 erg/cm3) at 0 K. 

 

 
FIG. 8.3. The calculated temperature dependence of magnetization Ms(T) for MnB. The Ms(T) 
is compared with calculated and experimental magnetizations. 
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8.4. Conclusions 

In summary, first-principles calculations were performed on MnB alloy to investigate its 

electronic structure. The density of states (DOS) and corresponding saturation magnetization 

(Ms) at 0 K were calculated. The calculated Ms and experimental Tc were used to obtain 

temperature dependence of magnetization [Ms(T)], and compared with previously reported 

calculated and experimental results. Ms and anisotropy constant (K) were calculated to be 859.3 

emu/cm3 at 300 K and 9.6  106 erg/cm3 at 0 K, respectively. 
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CHAPTER 9 

MAGNETIC PROPERTIES OF EXCHANGE COUPLED MnAl/FeCo10 

9.1. Introduction 

A figure of merit for permanent magnets is the maximum energy product (BH)max. The 

(BH)max for Nd2Fe14B are theoretically 64 MGOe [1] and experimentally 56 MGOe [2]. 

However, a low operation temperature and limited availability of rare-earth (RE) elements are 

potential barriers against the use of these RE element-based permanent magnets. Therefore, 

discovery of RE-free permanent magnets with high (BH)max is an emerging issue to address. 

Accordingly, ferromagnetic τ-phase Mn-Al [3,4] receives much attention, because of its high 

magnetic moment (2.4 μB/f.u.) [5,6] and magnetocrystalline anisotropy constant (1.5 × 106 J/m3) 

[5,6], and low cost. It has been reported [7] that experimental remanent magnetic flux density 

(Br), intrinsic coercivity (Hci), and (BH)max of τ-phase Mn-Al magnet are 7 kG, 2.35 kOe, and 9.2 

MGOe, respectively. However, it is noted that those Br, Hci, and (BH)max are still much lower 

compared to RE-based permanent magnets.  

Therefore, magnetic exchange coupling between hard and soft magnetic phases has been 

proposed and experimentally studied to further increase (BH)max of RE-free permanent magnets. 

Soft magnetic phase can be exchange coupled with hard magnetic phase within two times of 

domain wall thickness (2δw) of hard magnetic phase [8]. The exchange coupling makes full use 

of high coercivity from hard phase and magnetization from soft phase. Therefore, it is possible to 

achieve large (BH)max of the RE-free permanent magnet by the exchange coupling. Exchange 

                                                 
10 This work was published as “Magnetization and Intrinsic Coercivity for τ-phase Mn54Al46/α-phase Fe65Co35 
Composite,” in Journal of Magnetics 91, 55 (2014) by Jihoon Park, Yang-Ki Hong, et al. 



 

120 
 

coupled magnets based on hard magnetic phases of Fe-Pt [9,10,11], Sm-Co [12], and Nd2Fe14B 

[13], have been extensively studied. However, these exchange coupled magnets still contain RE 

or precious elements, and the exchange coupling effect is not noticeable in Nd2Fe14B because 

there is already a high magnetic moment. 

In this paper, we report a unique annealing process to synthesize two-phase hard τ-phase 

Mn54Al46/soft α-phase Fe65Co35 composite magnets, and propose a simple composition 

dependent coercivity equation to explain experimental coercivity. 

 

9.2. Experiments 

Paramagnetic ε-phase Mn54Al46 particles were synthesized by gas-atomization. After 

having dissolved Fe- and Co-salts and dispersed the ε-phase Mn54Al46 particles in de-ionized 

water, a NaBH4 solution was added to the solution. Thereby, Fe- and Co-salts were reduced to 

α-phase Fe65Co35 metal alloy particles. Then, ε-phase Mn54Al46/α-phase Fe65Co35 cakes (0 < fh < 

1) were dried at 100 oC, and consequently, annealed at 650 oC for 1 hour under Ar environment. 

The fh is the volume fraction of magnetically hard phase. Both α-phase Fe65Co35 (fh = 0) and τ-

phase Mn54Al46 (fh = 1) particles were also prepared as reference materials.  

The crystalline phases of Fe65Co35 and Mn54Al46 particles and their composites were 

identified with X-ray diffraction (XRD). A vibrating sample magnetometer (VSM) was used to 

characterize their magnetic properties. The particle size and size distribution were determined 

using transmission electron microscopy (TEM) and scanning electron microscope (SEM). Also, 

we have performed elemental mappings on the composites with scanning electron microscopy-

energy dispersive X-ray spectrometry (SEM-EDS) to observe elemental distribution.  

 



 

121 
 

9.3. Results and discussion 

The gas-atomized Mn54Al46 is paramagnetic ε-phase, and its shape is spherical (7 - 70 μm 

in diameter), while the as-synthesized Fe65Co35 is ferromagnetic α-phase spherical chain (40 nm 

in average diameter). These were confirmed by XRD, SEM, and TEM, which are not shown in 

this paper. We have synthesized ε-phase Mn54Al46/α-phase Fe65Co35 composites with various 

volume fractions of hard phase, i.e. fh = 0.327, 0.500, 0. 694, 0.773, and 0.819. As described in 

the experimental section, the synthesized composite was annealed at 650 oC to convert the 

paramagnetic ε-phase Mn54Al46 to ferromagnetic τ-phase Mn54Al46. The prolonged annealing 

causes paramagnetic β- or γ-phase Mn54Al46 to nucleate. Therefore, we have optimized annealing 

time of one hour. Ferromagnetic α-phase Fe65Co35 (fh = 0.000) and paramagnetic ε-phase 

Mn54Al46 (fh = 1.000) particles were annealed, separately, under the same annealing conditions as 

those used for annealing of ε-phase Mn54Al46/α-phase Fe65Co35 composites. This is because we 

wanted to compare magnetic properties of annealed single phase τ-phase Mn54Al46 and α-phase 

Fe65Co35 to those of τ-phase Mn54Al46/α-phase Fe65Co35 composite.  

Figure 9.1 shows elemental mapping image of ferromagnetic τ-phase Mn54Al46/α-phase 

Fe65Co35 composite (fh = 0.819). It can be seen that Mn, Al, Fe, and Co elements are well 

distributed, and Fe and Co elements are more concentrated on the MnAl particles’ surface than 

Mn and Al elements. This indicates that Mn54Al46 particles are well covered with Fe65Co35 

particles during the reducing and annealing processes. 

Figure 9.2 shows XRD patterns and magnetic hysteresis loops of the τ-phase Mn54Al46, 

α-phase Fe65Co35, and composite with fh = 0.819. All the τ-phase Mn54Al46, α-phase Fe65Co35, 

and composite (fh = 0.819) are well crystallized. The τ-phase Mn54Al46 shows the saturation 

magnetization of 53 emu/g and intrinsic coercivity (Hci) of 3093 Oe, and α-phase Fe65Co3 shows 
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131 emu/g and 75 Oe as shown in Fig. 9.2 (b). It is noted that the magnetization of α-phase 

Fe65Co35 powder is lower than 240 emu/g of its bulk value [14]. This is due to the thermal 

agitation of magnetization, slight oxidation of Fe65Co35 particle or incomplete reduction of Fe- 

and Co-salts. After converting a mixture of paramagnetic ε-phase Mn54Al46 and ferromagnetic α-

phase Fe65Co35 particles to ferromagnetic τ-phase Mn54Al46/soft α-phase Fe65Co35 composite (fh = 

0.819), the saturation magnetization increased to 69 emu/g from 53 emu/g in Fig. 9.2 (b). On the 

other hand, the Hci decreased to 1926 Oe from 3093 Oe. No kink was observed from hysteresis 

loops of τ-phase Mn54Al46/α-phase Fe65Co35 composites with 0 ≤ fh ≤ 1. However, the remanent 

magnetization of the composite was lower than that of the hard phase. The exchange coupling 

between hard and soft phases occurs only if the thickness of soft phase is thinner than two times 

of the hard phase’s domain wall thickness (2δw) [8]. The experimental δw of Mn-Al is 15 nm 

[15]. The diameter of the synthesized α-phase Fe65Co35 particle is 40 nm in average, which is 

 
FIG. 9.1. Elemental mapping image of ferromagnetic τ-phase Mn54Al46/α-phase Fe65Co35 
composite (fh = 0.819).  
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FIG. 9.2. (a) the XRD patterns and (b) hysteresis loops for synthesized single phase τ-phase 
Mn54Al46, α-phase Fe65Co35, and composite (fh = 0.819).  
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 greater than 2δw (30 nm) of τ-phase Mn54Al46. Therefore, it can be assumed that the soft α-phase 

Fe65Co35 particles are partially involved in exchange coupling.  

Figure 9.3 (a) and (b) show fh dependence of magnetization σ(fh) and intrinsic coercivity 

Hci(fh) for ferromagnetic τ-phase Mn54Al46/α-phase Fe65Co35 composites. The magnetization 

monotonically decreases as the fh increases, while the intrinsic coercivity increases. We now 

analyze σ(fh) and Hci(fh) for ferromagnetic τ-phase Mn54Al46/α-phase Fe65Co35 composites. 

According to theoretical studies on two-phase composite magnet, the saturation magnetization 

[8] and anisotropy constant [16] of composite can be expressed as: 

sshh

ssshhh

ff

ff







           (9.1) 

hhsh KfKfK  )1( ,         (9.2)
 

where σ is the saturation magnetization, K is the magnetocrystalline anisotropy constant, and  is 

the density. h and s in the subscript denote hard and soft phase, respectively. Because of the 

experimental difficulty of obtaining K, we developed an expression for Hci of two-phase 

magnetic composite using experimentally accessible Hci for both hard and soft phases. Hci due to 

magnetocrystalline anisotropy [17] is 


K

Hci  ,           (9.3) 

where α is a constant depending on the crystal structure and degree of alignment. For aligned 

particles, α is 2; for unaligned (random) particles, α is 0.64 for cubic crystals and 0.96 for 

uniaxial crystals. Then, Hci of the two-phase magnetic composite can be modified to equation 

(9.4) by combining Eq. (9.2) and (9.3): 

hhhssh

hhsh
ci ff
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H
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FIG. 9.3. The calculated and experimental fh dependence of (a) magnetization σ(fh) and (b) 
intrinsic coercivity Hci(fh) for τ-phase Mn54Al46/α-phase Fe65Co35 composites.  
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By replacing K in Eq. (9.4) with Hci in Eq. (9.3), Eq. (9.4) becomes Eq. (9.5). 

 
)1(

)1(

hhhhss

hhhhhsss
ci ff

fHfH
H







 .    (9.5)  

Equation (9.5) suggests that the coercivity of a composite can be estimated by experimental Hci 

of hard and soft phase materials instead of K of each phase. 

The σ and Hci of single phase τ-phase Mn54Al46 (σh = 53 emu/g and Hh = 3093 Oe) and 

α-phase Fe65Co35 (σs = 131 emu/g and Hs = 75 Oe) were used as input parameters in Eq. (9.1) 

and (9.5) to calculate σ(fh) and Hci(fh). The calculated σ(fh) and Hci(fh) are shown in Fig. 9.3, and 

are good agreement with the experimental results. Therefore, our developed coercivity equation, 

i.e. Eq. (9.5), serves as guidance to predict Hci for two-phase magnetic composite. 

 

9.4. Conclusions 

Ferromagnetic τ-phase Mn54Al46 (fh = 1.000), α-phase Fe65Co35 (fh = 0.000), and τ-phase 

Mn54Al46/α-phase Fe65Co35 composites (0 < fh < 1) were synthesized. The magnetization and 

intrinsic coercivity of single phase τ-phase Mn54Al46 were 53 emu/g and 3090 Oe, and those of 

single phase α-phase Fe65Co35 were 131 emu/g and 75 Oe, respectively. The magnetization and 

intrinsic coercivity of two-phase magnetic composite monotonically decreased and increased, 

respectively, as the fh increased.  

The experimental intrinsic coercivity and magnetization of the composite with various fh 

are in good agreement with the proposed coercivity and modified magnetization equations, 

respectively. 
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CHAPTER 10 

ELECTRIC MACHINE: PERMANENT MAGNET SYNCRONOUS MOTOR 

10.1. Introduction 

Recently, the automotive industry has tried to reduce dependency on fossil fuels in order 

to reduce greenhouse gas emissions. For this effort, the automotive industry are shifting towards 

electric vehicles (EV) and hybrid electric vehicles (HEV), which are powered by motors. The 

technologies for EVs and HEVs have been increasingly advanced, but some of the current major 

issues are low power density, poor efficiency, large size, significant motor weight, and limited 

supply of rare-earth metals for motor.  

Permanent magnet synchronous machines (PMSM) are among the most promising motor 

type for EV and HEV applications due to its excellent power density, efficiency, size, and motor 

weight. PMSMs are of two different types; the first one is interior permanent magnet 

synchronous motor (IPMSM) and the other is surface permanent magnet synchronous motor 

(SPMSM). The IPMSM is more advantageous than the SPMSM for EV and HEV application 

due to its high speed operation and no power dropoff at high speed.  

The permanent magnets in the PMSM play important roles in the overall motor operation. 

The magnetic flux density (B) from the permanent magnet is limited to the intrinsic material 

properties, therefore, developing an advanced motor design (rotor, stator, etc) is needed to 

improve the motor power, torque, and efficiency. In response to this, there have been many 

attempts to find a better design for the given magnetic properties of permanent magnets. The 

rare-earth (RE) Nd-Fe-B magnet possesses a high magnetic B of about 1.5 T, while RE-free 
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ferrite magnets (Sr-Fe-O) have only about 0.5 T. Therefore, in this dissertation, we have 

compared the torque of a PMSM at room and elevated temperature with both RE and RE-free 

magnets, such as Nd-Fe-B, MnAl, MnBi, SrFe12O19, and Alnico. 

 

10.2. Background: principles of motor 

When current flows in a wire, magnetic field B is induced around the wire by the right-

hand rule. An external magnetic field B exerts a force on a current-carrying wire. In a rectangular 

loop of dimensions a and b carrying a current I as shown in Fig. 10.1 (a), the magnetic field 

produces a torque about an axis. The force on a side is defined as F = IaB, the force on b side is 

F’ = IbB sin(90˚-φ), and the magnitude of torque on a current loop is τ = IBA sinφ, where A is the 

area of the loop, and φ is the angle between the plane of the loop and the direction of the 

magnetic field B. Maximum torque occurs when φ is 90 degrees, and minimum torque is 0 at φ 

of 0 degree. When the loop rotates past φ = 0, the torque reverses. Fig. 10.1 (b) depicts the 

magnetic force directions of two wires that carry current in opposite directions in a magnetic 

field. N and S are the abbreviations of north and south poles, respectively. The interaction 

 
     (a)          (b) 
FIG. 10.1. (a) The right-hand rule between current I in a uniform magnetic field B and force F 
in a rectangular loop, and (b) schematic drawing of magnetic fields in the loop. 
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between the generated magnetic field by the flowing current and the external magnetic field 

results in the force F and torque τ on the wires as drawn in Fig. 10.1 (b) by dotted lines. 

Therefore, the electrical energy from the current is converted to mechanical energy as the 

rectangular loop rotate, and this mechanical energy is then used to power another machine. 

This principle of generation of force F and torque τ by magnetic fields is commonly used 

in motors, in which the loop is connected to a shaft that rotates as a result of the torque. One of 

the simplest motor is a direct current (DC) motor in which magnet poles repel and attract a 

current loop. Fig. 10.2 shows a simple DC motor. When brushes are aligned with commutator 

segments, i.e., the current loop plane and magnets are on the same plane as shown in Fig. 10.2 

(a), the maximum torque is generated. This is in consistent with the above explanation that when 

φ is 90 degrees, the maximum torque occurs. On the other hand, when the rotor turn 90 degrees 

and each brush is in contact with both commutator segments as shown in Fig. 10.2 (b), the 

minimum torque is generated. This is because the current bypasses the rotor altogether, which 

results in no magnetic torque generated on the rotor. 

 

 

 
          (a)                (b) 
FIG. 10.2. A simple direct current motor. (a) Brushes are aligned with commutator segments 
and (b) each brush is in contact with both commutator segments.  
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 Fig. 10.3 (a) and (b) show the two pole and three pole DC motors, respectively. The 

geometry of the brushes, commutator, and rotor make the rotor rotate until it is aligned with the 

magnetic field by stators when power is applied. When the rotor rotates past the alignment, the 

brushes move to the next commutator contacts, and then the current direction changes to the 

opposite direction, which makes the north and south poles of the electromagnet transform to 

south and north poles, respectively. In this way, the DC motor continues rotating. 

  

 One drawback of the two-pole motor is that if the rotor is exactly at the middle of its 

rotation (perfectly aligned with the field magnets), it will become stuck at this point. In addition, 

the commutator shorts out the power supply (i.e., both brushes touch both commutator contacts 

simultaneously), which is bad for the power supply, wastes energy, and damages motor 

components.  

However, the three-pole motor does not suffer from this issue. Therefore, the motor can 

start from any position and is able to be operated smoothly without power shorts or becoming 

  
           (a)           (b) 

 
FIG. 10.3. (a) Two-pole and (b) three-pole DC motors. 
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stuck. Although the three-pole motor can solve these problem, it still has disadvantages 

compared to recently-developed motors withrespect to design. Thos disadvantages include 

wearing out the brushes, a limited maximum speed of the motor due to the brushes, difficulty in 

cooling the electromagnet in the center of the motor, and a limited number of poles due to the 

use of brushes.  

The brushless DC (BLDC) motor is a better choice for many applications due to high 

reliability, high efficiency, and high power-to-volume ratio. The structure of the BLDC motor is 

simpler without brushes and a commutator, but more powerful. Fig. 10.4 shows the typical 

design and an actual example of a BLDC motor. Therefore, it is considered to be a high 

performance motor that is capable of providing large amounts of torque over a vast speed range.  

 

 The BLDC motor has two primary parts: the rotor and the stator as shown in Fig. 10.5.  

There are two different BLDC motor designs according to where the windings are located: an 

inner rotor and an outer rotor design. In an outer rotor design, the windings are located in the 

core of the motor; the rotor magnets surround the stator windings. The rotor magnets act as an 

insulator, therefore, reducing the rate of heat dissipation from the motor. Due to the location of 

 
             (a)              (b) 

 
FIG. 10.4. (a) Typical design [1] and (b) an actual example of a BLDC motor [2]. 
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the stator windings, outer rotor designs typically operate at lower duty cycles or at a lower rated 

current. The primary advantage of an outer rotor BLDC motor is relatively low cogging torque. 

 In an inner rotor design, the stator windings surround the rotor. The advantage of the 

inner rotor is good heat dissipation. The heat dissipation rate directly affects the torque produced. 

For this reason, the majority of BLDC motors use the inner rotor design. In addition, there are 

many other advantages of the BLDC motor, such as high operation speed (BLDC motor can 

operate at speeds above 10,000 rpm under loaded and unloaded conditions), responsiveness & 

quick acceleration (inner rotor Brushless DC motors have low rotor inertia, allowing them to 

accelerate, decelerate, and reverse direction quickly), high power density (BLDC motors have 

the highest running torque per cubic inch of any DC motor), and high reliability (BLDC motors 

do not have brushes, meaning they are more reliable and have life expectancies of over 10,000 

hours. This results in fewer instances of replacement or repair and less overall down time for 

your project). [3] 

 

10.3. Permanent magnet synchronous motors (PMSM) 

 
 

FIG. 10.5. Schematic drawing of a BLDC motor. 
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 Permanent Magnet Synchronous Motors (PMSM) is similar to the BLDC motor. PMSMs 

are constructed with the electric winding on the stator and permanent magnets on the rotor. The 

difference between the PMSM and BLDC is the shape of the current flux. The shape of the 

current flux for a PMSM is synchronous, while the shape in a BLDC is rectangular as shown in 

Fig. 10.6. The advantages of the PMSM are the ability to control the power factor, the constant 

speed of the loads, wider air gaps allowed than in induction motors, linear variability of electro-

magnetic power with the voltage, higher efficiencies especially at low speed, and unity of power 

factor applications compared to induction motors. The advantages and disadvantages of the DC 

motor, induction motor (IM), switched reluctance motor (SRM), and PMSM are listed in Table 

10.1 [4-6].  

 

 
FIG. 10.6. The comparison between rectangular and sinusoidal currents in a BLDC motor and 
PMSM, respectively. 
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Table 10.1. Comparison of the electric motors for hybrid electric vehicle (HEV) application. 

Machine Type  Advantages  Disadvantages  

DC Motor  
Easy control 
Desirable torque-speed 
characteristics  

Frequent need of maintenance 
Low efficiency and reliability 
Low speed range  

Induction Motor 
(IM)  

High speed range 
High reliability 
Low cost 
Rigidity in hostile 
environments  

Low power density and large 
size 
Low efficiency 
Thermal problem at high 
speed  

Switched 
Reluctance Motor 

(SRM)  

Desirable torque-speed 
characteristics 
High reliability 
Low cost 
Rigidity in hostile 
environments  

High torque ripple and noise 
Low power density 
Low efficiency  

PM Synchronous 
Motor 

(PMSM)  

High power density and small 
size 
High efficiency 
Lighter  

Limited speed range 
High cost 
High stator core loss at high 
speed 
Significant back electromotive 
force (emf)  

 

There are two types of PMSMs. The first one is the interior permanent magnet 

synchronous motor (IPMSM) and the other is the surface permanent magnet synchronous motor 

(SPMSM). In contrast to the SPMSM, the IPMSM has certain advantages, such as better 

suitability at high-speed operation. The fundamental difference between the IPMSM and 

SPMSM is that in a SPMSM, the flux cannot be moved tangentially within the magnet to provide 

a rotor-to-stator phase advance, while in an IPMSM, the flux can flow tangentially above the 

magnets in the rotor so that a quite significant rotor-to-stator phase advance results. In favor of 

surface mounting, the presence of ferromagnetic material at the rotor surface increases the air 

gap inductance [7].  

As a result of the rotor-to-stator phase shift, IPMSMs add a reluctance component to the 

torque produced by the motor, which tends to improve the constant-power speed range. This 
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avoids the power drop-off that is common in SPMSMs operating at high speeds. IPM machines 

can provide torque under certain conditions with less I2R losses than other permanent magnet 

machines. IPMSMs facilitate the use of easily manufactured rectangular magnets or other 

convenient geometries. Because of their high torque/inertia ratio, IPMSMs with high-energy 

magnets can be designed to provide rapid acceleration.  

Table 10.2. Comparison of the interior permanent magnet synchronous motor (IPMSM) and 
surface permanent magnet synchronous motor (SPMSM). 

Machine Type  Advantages  Disadvantages  

Interior Permanent Magnet 
Synchronous Motor  

(IPMSM)  

High speed operation 
Flux move tangentially (rotor 
to stator phase advance) 
Reluctance component to 
torque (improve constant 
power speed range  No 
power dropoff) 
Less I2R losses 
Rectangular magnets (easy to 
make)  

High cost 
Complicated manufacturing 

Surface Permanent Magnet 
Synchronous Motor  

(SPMSM) 

high torque/inertia ratio 
Simple manufacturing  

Flux move not tangentially 
Power dropoff at high speed 
Limited rotational speed  

 

Due to the advantages of the IPMSM in contrast to the SPMSM, a majority of motor 

manufacturers focus on the IPMSM. Fig. 10.7 shows four types of IPMSM according to the rotor 

configurations. d-axis means the north pole of magnetized direction. The magnetic flux of the 

IPMSM is proportional to the amount of permanent magnet, which increases the torque and 

efficiency, but decreases the constant power region [9-10]. For this reason, the double layer 

configuration in Fig. 10.7 (b) has a higher torque and wider efficient operating range than the 

single layer as shown in Fig. 10.7 (a) [9], but decreases the constant power region. The 
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arrangement of Fig. 10.7 (c) is known as a flux-concentrating design due to the fact that the 

magnet pole area at the air-gap produces an air-gap flux density higher than that in the magnet 

 
 

FIG. 10.7. Various rotor configurations of IPMSM [8]. 
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[11]. Some drawbacks are that the high electro motive force (back-emf) voltage from a motor 

caused by the permanent magnets limits its maximum constant speed operation, and high flux 

from the permanent magnets is a major factor of the core loss when the machine rotates at high 

speed.  

 

10.4. Design of IPMSM 

In order to observe the performance of IPMSMs with different permanent magnets, an 

8-pole V-shape IPMSM, which is used in the 2010 Toyota Prius, was designed using ANSYS 

Maxwell. Fig. 10.8 (a) and (b) show a 2-D view and 3-D view of the designed IPMSM, 

respectively, while the designs and corresponding design parameters of the stator and rotor of the 

8-pole V-shape IPMSM are shown and summarized in Fig. 10.9. 

As the figures exhibit, the stator of this motor features 48 slots and distributed winding 

while the rotor has a total of 8 poles. The material of the stator and rotor is a soft magnetic 

material with high magnetization and permeability, therefore, decreasing magnetic core loss. 

Furthermore, it is noted that the air void in the rotor helps focus the magnetic field from the 

 
                                       (a)                                                                        (b) 

FIG. 10.8. Design of 8-pole V-shape IPMSM in (a) 2-D and (b) 3-D view. 
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permanent magnets to the pole directions, therefore, increasing magnetic flux density at the 

poles. Because of the symmetry, only 1/8th of the motor is used in the simulation to reduce the 

 
(a) 

 

(b) 
FIG. 10.9. Detailed design parameters of (a) outer diameters of stator and rotor and (b) inside 
of rotor of the 8-pole V-shape IPMSM.  
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computation time. The motor operation temperature was varied from room temperature (23 oC) 

to 200 oC to calculate torque at different temperatures. The following magnetizations were used 

for torque calculation: 1.31 T for Nd-Fe-B [12], 0.56 T for MnAl [13], 0.82 T for MnBi [14], 

0.41 T for SrFe12O19 [15], and 1.05 T for Alnico [16] at 23 oC and 0.51 T for Nd-Fe-B, 0.35 T 

for MnAl, 0.64 T for MnBi, 0.27 T SrFe12O19, and 1.01 T for Alnico at 200 oC.  

 

10.5. Finite element analysis – Maxwell 3D 

FEA is a numerical technique based on the determination of the electric or magnetic field 

distributions inside the machine structure. The FEA solver computes H under a constant input 

current condition, thus, it uses coenergy differentiation for a given angle instead of energy 

differentiation for torque calculation with nonlinear material data. The total magnetic energy W 

stored in a FEA model is calculated by 

  
v

dvHBdW


,      (10.1) 

 

 
FIG. 10.10. The energy and coenergy relations for (a) linear material and (b) nonlinear 
material under constant current conditions (steady state) [8]. 
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where B is the magnetic flux density and H is the magnetic field strength amplitude. The total 

magnetic coenergy Wc stored in a FEA model is calculated by  

  
v

dvHdBW


.      (10.2) 

Eq. (10.1) and (10.2) are equal for a linear material, while they are not equal for a nonlinear 

material as shown in Fig. 10.10. The difference in the areas for the energy and coenergy of the B-

H curves under a constant current condition (steady-state) indicates that the motion of a material 

has occurred. Therefore, in order to increase the mechanical work of a motor system, one should 

increase its coenergy [17].  

 

10.6. Results and discussion 

The torque of the 8-pole V-shape IPMSM is obtained by feeding it with a three-phase 

balanced sinusoidal current source. The three-phase currents are expressed below. 

)180/2sin(   tfAIa ,     (10.1) 

)180/)120(2sin(   tfAIb ,    (10.2) 

)180/)120(2sin(   tfAIc ,    (10.3) 

where I is the current, A is the peak value of current, f is the frequency, t is the time, and θ is the 

initial phase angle. We used A = 250 A, f = 200 Hz, and θ = 20 degree for 3000 rpm, while 

setting t as a variable. Constant input sinusoidal three-phase currents were used for all the 

IPMSMs, but B varied between magnets. The effect of B on torque can be written as  

iZBrT  ,      (10.4) 

where T is the rotor torque, r is the average winding radius, Z is the number of conductors, and i 

is the current. Therefore, T is proportional to B. The B of Nd-Fe-B and MnBi magnets in the 
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operating IPMSMs are visualized in Fig. 10.11. The lighter color of the Nd-Fe-B IPMSM in Fig. 

10.11 (a) over that of the MnBi IPMSM in Fig. 10.11 (c) shows that the torque with the Nd-Fe-B 

magnet is stronger than with the MnBi magnet at 23 oC. However, the color comparison between 

the Nd-Fe-B IPMSM (Fig. 10.11 (b)) and MnBi IPMSM (Fig. 10.11 (d)) at 200 oC proves that 

the torque with the MnBi magnet is stronger than with the Nd-Fe-B magnet. The rotor angle 

dependence of torque (N·m) for the IPMSMs with Nd-Fe-B, MnAl, MnBi, SrFe12O19, and 

Alnico magnets at 23 and 200 oC are compared in Fig. 10.12. Fig. 10.12 clearly shows that the 

torque for the IPMSM with a Nd-Fe-B magnet is higher than with RE-free magnets such as 

 
                                 (a)     (b) 

 

 
                                 (c)     (d) 

 
FIG. 10.11. IPMSM operation views with magnetic flux density and current flux line. IPMSM 
with Nd-Fe-B magnet at (a) 23 oC and (b) 200 oC, and MnBi at (c) 23 oC and (d) 200 oC are 
shown.  
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(a) 

 

 
(b) 

 
FIG. 10.12. Rotor rotation angle dependence of torque at (a) 23 oC and (b) 200 oC. 
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MnAl, MnBi, SrFe12O19, and Alnico at 23 oC (Fig. 10.12 (a)), but is lower than with a MnBi 

magnet at 200 oC (Fig. 10.12 (b)). To further investigate the temperature dependence of torque 

for the IPMSMs with Nd-Fe-B, MnBi, and SrFe12O19 magnets, the motor simulations were 

performed at temperatures between 23 to 200 oC. The resultant average torque from the IPMSMs 

with Nd-Fe-B, MnBi, and SrFe12O19 magnets are compared in Fig. 10.13. It is observed that the 

torque of the IPMSM with a Nd-Fe-B magnet is higher than with MnBi and SrFe12O19 magnets 

from 23 to 174 oC, while it becomes lower above 174 oC. This is because the temperature 

coefficient of B of the Nd-Fe-B magnet is a larger negative value than that of the MnBi magnet 

throughout the temperature range. It is noted that the torque of the IPMSM with a SrFe12O19 

 
FIG. 10.13. Temperature dependence of average torque from IPMSM with Nd-Fe-B, MnBi, 
and SrFe12O19. 
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magnet is always lower than the IPMSMs with Nd-Fe-B and MnBi magnets over the 

aforementioned temperature range. This indicates that MnBi is a better permanent magnet than 

Nd-Fe-B for high temperature IPMSM applications.  

In order to further improve torque, power density, efficiency, and power speed range with 

decreased size and weight, it is necessary to design advanced IPMSMs. Advanced types of 

IPMSMs include a Dual Stator Axial Flux Permanent Magnet Motor (DSAFPMM) and 

Permanent Magnet assisted Synchronous Reluctance Motor (PMa-SynRM).  

 

10.7. Conclusions 

The overall motor principles from a simple DC motor to a complex IPMSM were 

introduced. A DC motor, induction motor, switched reluctance motor, and PM motor were 

compared, and it was noted that the PM motor is suitable as an electric vehicle’s motor due to its 

high power density, small size, high efficiency, and light weight.  

The torque performance of IPMSMs with Nd-Fe-B, MnAl, MnBi, SrFe12O19, and Alnico 

magnets at 23 and 200 oC were compared, and the temperature dependence of torque in an 

IPMSM with Nd-Fe-B, MnBi, and SrFe12O19 magnets in the range between 23 and 200 oC was 

analyzed. Consistant input parameters such as three-phase currents and rotational speed were 

constant. However, the magnetic flux density (B) varied according to the permanent magnet 

properties. The resultant torque for the IPMSMs with Nd-Fe-B, MnAl, MnBi, SrFe12O19, and 

Alnico magnets at 23 and 200 oC reveal that the torque with a Nd-Fe-B magnet is higher than 

with the others at 23 oC, but the IPMSM with a MnBi magnet shows better torque performance at 

the electric vehicle’s motor operation temperature of above 174 oC.  
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CHAPTER 11 

CONCLUSIONS 

Low operating temperature and limited supply of RE magnetic materials are the two 

important issues that must be addressed for continued full utilization of PMs in high-efficiency 

sustainable energy applications. Therefore, RE-free permanent magnetic materials with a high Tc 

were investigated. Theoretical and experimental studies were conducted in parallel to design 

RE-free permanent magnetic materials and to realize their applications to IPMSM and HAMR 

media.  

The calculated Ms of single phase magnetic materials are 0.84 T for MnBi and 0.49 T for 

SrFe12O19 at 23 oC, and 0.73 T for MnBi and 0.31 T for SrFe12O19 at 200 oC. This temperature 

dependent Ms leads to (BH)max of 17.7 MGOe for MnBi and 5.9 MGOe for SrFe12O19 at 23 oC 

and 11.9 MGOe for MnBi and 2.6 MGOe for SrFe12O19 at 200 oC. The (BH)max of Nd-Fe-B is 42 

MGOe at 23 oC and 6.1 MGOe at 200 oC, therefore, exhibiting a higher negative temperature 

coefficient of Hci than RE-free permanent magnetic materials.  

The Ms and Hci models for the exchange coupled two-phase magnetic materials were 

developed and experimentally proved. The exchange coupled τ-phase MnAl and α-phase FeCo 

composites were synthesized and compared with the theoretical Ms and Hci models. The 

experimental Ms and Hci in terms of the fh are in good agreement with the theoretically developed 

models.  

Lastly, RE-free IPMSMs were designed and characterized with the FEM. The torque of 

RE and RE-free IPMSMs are calculated at temperatures between 23 and 200 oC for comparison. 

The torques for Nd-Fe-B, MnAl, MnBi, SrFe12O19, and Alnico at 23 and 200 oC clearly show 
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that the torque with the Nd-Fe-B magnet is higher than with the others at low temperatures, but 

the IPMSM with the MnBi magnet shows a higher torque above 174 oC. The MnBi IPMSM 

outperforms the Nd-Fe-B IPMSM above 174 oC due to the positive temperature coefficient of 

intrinsic coercivity of MnBi.  
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CHAPTER 12 

FUTURE WORK 

Future works include the development of (i) new RE-free permanent magnetic materials 

with increased saturation magnetization (Ms), anisotropy constant (K), and Curie temperature 

(Tc) using both theoretical calculation and experimental fabrication and (ii) an advanced PMSM 

with improved torque, efficiency, speed range, etc. with RE-free permanent magnets. The new 

RE-free permanent magnetic materials will be based on ferromagnetic Mn or Fe transition metals. 

High magnetocrystalline anisotropy will be achieved by alloying Mn/Fe with V, Cr, Ni, Cu, etc., 

 

FIG. 12.1. Design methodology of new permanent magnetic materials based on ferromagnetic 
Mn or Fe. 
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and strong spin-orbit coupling will be realized by adding Ta, W, Pt, Sb, Bi, etc. In addition, high 

structural stability will be attempted by alloying with C, B, N, etc. Design methodology of new 

permanent magnetic materials based on metallic Mn/Fe element is shown in Fig. 12.1.  

Design of advanced RE-free PMSM will be performed to achieve a similar performance 

to RE-PMSMs. Finite element method (FEM) will be used to design the PMSM with RE free 

permanent magnet. Advanced types of PMSMs include segmented rotor structure, spoke-type 

motor with segmented wing-shaped PMs, and spoke-type motor with two layers of PMs per pole 

due to their small air gap between PMs and electromagnets, therefore, providing strong torque 

with high B. Examples of a Dual Stator Axial Flux Permanent Magnet Motor (DSAFPMM) and 

Permanent Magnet assisted Synchronous Reluctance Motor (PMa-SynRM) are shown in Fig. 

12.2. The DSAFPMM incorporating the unaligned arrangement of two stators together with the 

use of a spoke-type permanent magnet array and phase-group concentrated-coil windings will be 

explored for the purpose of increasing torque density and reducing torque ripple. The PMa-

SynRM will also be investigated due to its high reluctance torque, which enhances Flux 

 

   
                                    (a)                                                                       (b) 
FIG. 12.2. (a) Dual Stator Axial Flux Permanent Magnet Motor (DSAFPMM) and (b) 
Permanent Magnet assisted Synchronous Reluctance Motor (PMa-SynRM) design. The blue, 
yellow, and green colors indicate three-phases. 



 

152 
 

Weakening Controllability usually applied for high speed running, and higher power density at 

high speed. The back electromotive force (EMF), cogging torque, electromagnetic torque, torque 

ripple, iron loss, and efficiency will be calculated by the FEM.  
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