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Abstract

The Nd-Fe-B sintered magnet has been widely used in application because of their
high coercivity and magnetization. Importance of the Nd-Fe-B sintered magnets has
increased in recent years because of spread of electric vehicles. However, the mechanism
of the coercivity of the Nd-Fe-B sintered magnets is not revealed. There is a difficulty
to understand the coercivity of the magnets because the magnets are not single crystals

and they have a property, which comes from a multi-scale interface.

Their high coercivity is due to the large magnetic anisotropy of Nd atoms, but the
coercivity of the actual Nd-Fe-B sintered magnets is not as high as expected theoretically
from the magnetic anisotropy of Nd atoms. This gap is an interesting problem for
application and theoretical study. One of proposed mechanisms for the coercivity is
based on a picture of nucleation of a reversed magnetic domain in interfaces of NdsFe 4B
main phase and sub-phase. Recent experimental study indicates that the microstructure

of the sub-phases can enhance the coercivity.

In this thesis, we focus on Nd oxides as the sub-phases to develop a basis for Dy-free
magnets. We investigate the property of the interface of NdsFej4B main phase and
Nd-oxide sub-phase by the first-principles calculation to understand the mechanism of
the enhancement of the coercivity. We determine the stable structure of the interface
between NdoFei4B with Nd oxides with various oxygen concentration. With the opti-
mized structure, we calculate magnetic anisotropy energies of interfacial Nd atoms and
discuss a dependence of the magnetic anisotropy on the positions of the interfacial oxy-
gen atoms. We evaluate the coercivity of the interface using the Landau-Lifshitz-Gilbert
equation with parameters derived from first-principles study. Lastly, From the above

results we establish a mechanism for the enhancement of the coercivity.
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Chapter 1

Introduction

1.1 Importance of Nd-Fe-B sintered magnets

The Nd-Fe-B sintered magnet has been invented in 1982 by M. Sagawa (published in 1984
[1, 2]), and has been the most powerful class of magnets up to now. There has been a
surprising growth of production of Nd-Fe-B sintered magnets because they are composed
of low-cost elements and plentiful in nature compared with other high performance
magnets. Thanks to advances in the technology of sintering magnets, the energy product
(BH)max, which is the performance measure of the permanent magnets, reached 85 %

of theoretical limit in 2000 [3]

The energy product (BH)paxis mainly determined by the coercivity H. and remanence
M,.. The coercivity is defined by the magnitude of magnetic field which is needed to
reverse the direction of macroscopic magnetic moments of magnetic materials, whereas
the remanence denotes the magnetization when the applied field is reduced to zero after

the material is magnetized.

After the beginning of the 21st century, the demand for the magnets with high coerciv-
ity has increased because of the rapid spread of the hybrid electric vehicles, which need
the powerful motors. Figure 1.1 shows the energy product (BH)yax and the coercivity
of (Nd,Dy)-Fe-B sintered magnets with the operating temperature [4]. As seen in Figure
1.1, by substituting Dy atoms for Nd atoms, the coercivity of Nd-Fe-B sintered magnets

is increased, but their (BH)pax decrease due to the decrease of the magnetization. The

1
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operating temperature for the hybrid electric vehicles is approximately 200°C. therefore

approximately 30 % of Nd atoms needs to be substituted by Dy atoms.

(¥ —Fy MARICHET 5
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FIGURE 1.1:
(BH)max of (Nd,Dy)-Fe-B sintered magnets.
(This figure is taken from [4])

The Dy-substitution into Nd-Fe-B sintered magnets have some problems. Firstly, the
energy product (BH)pax becomes smaller as Nd is replaced with Dy due to the anti-
ferromagnetic coupling between Dy and Fe moments. Secondly, Dy is a scarce natural
resource and therefore its sustainable supply is difficult. Because of this drawbacks,
Dy-free high coercivity magnets are in great demand and the interest in the coercivity

mechanism of Nd-Fe-B sintered magnets has revived recently.

1.2 General theory of the coercivity

Here, we introduce the simplest view of the coercivity in the single-domain particles.
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1.2.1 Magnetic ion in the crystal

The interaction between electrons in the 4f orbitals and the electric field generated by
the charge from the surrounding electrons can be expressed by the following crystal field

Hamiltonian [5]

=

Hep =)  Ap(r)6, 0 (J) (1.1)

n,m
where J is the total angular momentum of the atoms. A} is the crystal field parameter
which describes the effect of the surrounding charge. 67 and O"(J) are the Stevens
factor and the Stevens operator which are dependent only on the kind of magnetic ions

and not affected by the crystal field. (r") denotes an expectation value of r™ for the

radial part of 4f wave function.

According to the Hund’s rule, the electronic charge shows anisotropic distribution.
For example, 4f electrons in Gd®>* show isotropic charge distribution as depicted in
Figure 1.2. On the other hand, 4f electrons in Nd3* and Dy?* show anisotropic charge
distribution. Such electronic distribution governs the Stevens factor and operator for
the respective ions. In particular, the distributions in Nd3*+ and Dy>* yield negative

2nd order Stevens factors.

f ¥ —Fy MARICHET 5
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FIGURE 1.2:
Charge distribution of 4f electrons: Gd3* ,Nd?*, and Dy>+
(This figure is taken from [6].)
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1.2.2 Magnetic anisotropy energy of materials with 4f and 3d electrons

The 4 f electrons around rare-earth ions in permanent magnets are strongly localized and
therefore the rare-earth ions can be considered as localized magnetic moments having

anisotropic charge distributions in a crystal field.

The effective Hamiltonian for the 4 f electrons is expressed by the following expression
[7]
Hegp = ALyy - Sap — 2Hexe - Sap + Vet (1.2)

where Sy and Ly are the 4f spin and orbital moment. \ is the spin-orbit coupling
constant. The first term is the spin-orbit coupling between the 4 f spin moment and the
4f orbital moment. The second term is the exchange magnetic coupling between the
4f electrons of the rare-earth atom and the 3d electrons of Fe atoms. The last term
represents the effects of the crystal field interaction, which interact with the anisotropic
charge density of the 4f electrons and this term is the origin of anisotropy of the total

system.

In NdyFey4B, the first term is much larger (~ 103K) than others (~ 102K). Since
Nd3* has positive A, the spin moment and the orbital moment are fixed in the opposite
directions. As a result, the total angular momentum of Nd** is J = |[L— S| = [6—3| = §

with respect to the direction of the orbital moment. The second term is expressed by
2Hexc - S4f = JeffS3d : S4f’ (13)

where Jeg is the effective exchange constant between the 3d spin moment of Fe and the
4 f spin moment of Nd. Jeg is negative in NdoFej4B because of the exchange interaction.
In this way, the total moment of Nd3* points in the same direction as that of Fe. Finally,
the crystal field gives the anisotropic energy depending on the direction of the magnetic

moment of Nd?+ and the total moments of the system.

In DysFe4B, since A of Dy3T is positive, the total moment of Dy3t points in the
direction opposite to that of the 3d moment of Fe. This is the reason that the energy

product BH,,,x decreases with the Dy-substitution.
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1.2.3 Magnetocrystalline anisotropy

Single crystals of ferromagnetic materials have anisotropic properties dependent on the
direction of magnetic moment when magnetized. For example, the single crystal of Fe
is easily magnetized along with (100) direction, and is hardly magnetized along with
(111) direction. The axis which can be magnetized easily is called “easy axis”, whereas
the one which is hardly magnetized is called “hard axis”. The materials which have only

one easy axis are classified as “materials with a uniaxial magnetic anisotropy”.

The total energy of the materials with the uniaxial magnetic anisotropy E/tftal in the

ferromagnetic phase is described as
Efotal — etotal gin2 g 4 gelotal gint g 4 KgOtal sin®@ + - (1.4)
where 0 is the angle between the easy axis and the direction of the macroscopic magnetic

moments. K%l is the magnetocrystalline constant of nth order.

Similarly, the energy of the magnetic ion such as Nd in NdsFej4B can be described as
Ei = Kjsin®0; + Ksin® 0; + Kisin®6; + - - (1.5)

where ¢ is the index of magnetic atoms. 6; is the angle between the easy axis and the
direction of the magnetic moment of the atom 4. K is the magnetic anisotropy constant

of the atom ¢ of nth order. In this thesis, we consider only the first-order term:

E' = Kisin® 6, (1.6)

1.2.4 Coercivity of a particle with single magnetic domain

Suppose a magnetic field is being applied to a ferromagnetic material in the direction
opposite to the macroscopic magnetic moment. When the field is rather strong, the
direction of the moment is reversed. The basic model to express this magnetic reversal
is the Stoner-Wohlfarth model, which is based on the picture that the reversal occurs
as rotation of the macroscopic magnetic moments of the isolated single domain particle.

When the single magnetic domain particle with the uniaxial magnetic anisotropy is in
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the external magnetic field, the total energy of the particle is expressed by
U = K;sin®§ — MyHey cos ¢ (1.7)

where 0 is the angle between the easy axis and the magnetic moment, and ¢ is the angle
between the magnetic moment and the external magnetic field. M is the magnitude of
the magnetic moment of the particle, and Hey is the magnitude of the external field.
We assume that directions of the moments are initially set in the direction of the easy

axis

For the external field parallel to the easy axis, namely ¢ = 6, the moment in the initial
direction (6 = 0) is unstable when the following condition is met.
0?U
P07 — 2K7 cos20 + MgHqy cosf <0 (1.8)
Solving this equation, we can see that the magnetic field which is able to reverse the

moment is
2K,
M

Hp = (1.9)

This external field is called as the anisotropic magnetic field, and this has been believed

to be the theoretical maximum value of the coercivity in the literature [8].

1.3 Coercivity of NdsFe 4B sintered magnets

The actual NdoFe 4B sintered magnets is more complicated than the single domain
model assumed in the Stoner-Wohlfarth theory because they are neither the single mag-
netic domain particle nor the single crystal. Figure 1.3 shows a typical back-scattered
electron scanning electron microscopy image of the sintered Nd-Fe-B magnet. As seen
from Figure 1.3, this magnet is composed of crystal grains of NdoFe14B and sub-phases,
namely, grain boundary phase and Nd-rich phases. The Nd-rich phases has been sug-

gested to be various phases such as metallic fcc Nd and Nd oxides. [4]
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FIGURE 1.3:
High-resolution back-scattered electron (BSE) scanning electron microscopy (SEM) im-
age of a sintered Nd-Fe-B permanent magnets
(This figure is taken from [4])

It is well known that the coercivity of the Nd-Fe-B sintered magnet is sensitive to the
microstructure of the grain-boundary phases [9-12]. Considering the dependency of the
coercivity on the microstructure, various mechanisms of the coercivity of the Nd-Fe-B
sintered magnet have been proposed. Among them, we here introduce the nucleation

mechanism. [§]

In the nucleation mechanism, the coercivity is defined by the magnetic field which
create the reversed domain at the interface of the crystal grain and sub-phases (Figure
1.4). First, in the interface region, whose magnetic moments are subject to the sub-
phase, a reverse of magnetic moments occurs. Since the energy of the reversed domain
is governed only by the volume of the domain wall, the domain propagates to the internal
region of the crystal grain without increase of energy. After repeating the reversal and

propagation, all the moments in the main phase become reversed.
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nucleation MagnetizationA

—

Magnetic field

FIGURE 1.4: Schematic picture of demagnetization curve based on the nucleation pro-
cess.

For the enhancement of the coercivity, it is therefor needed to suppress the nucleation
of the reversed domain. Some methods have been proposed to suppress the nucleation.
One approach for suppressing the nucleation is the Dy-substitution of Nd atoms at
the interface of the crystal grain of NdoFei4B [13, 14]. As expected from Figure 1.1,
the local coercivity of the interface of the crystal grains is enhanced, and the nucle-
ation is suppressed. Figure 1.5 shows the demagnetization curves of the untreated and
Dy-diffusion-processed NdyFe 4B sintered magnets [14]. The coercivity of Dy-diffused
sample increases largely, and this result suggests that the nucleation of the reversed

domain at the interface is the key factor of the coercivity.
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FIGURE 1.5:

Demagnetization curves of the untreated and Dy diffusion processed samples
(This figure is taken from [14])

Recently, the enhancement of coercivity by the post-sinter annealing has been reported
in many experiments [15-18|. Particularly, We focused on the experiment where the
enhancement of the coercivity of NdoFe4B films by the oxidation of the Nd has been
observed [19]. Because Dy is not needed in this approach, this method is a desirable
approach for the enhancement of the coercivity. Figure 1.6 shows the demagnetization
curves of the NdsFe 4B films. When the NdyFe 4B films are coated with Nd and annealed
at 550 °C, the coercivity is substantially enhanced. This result shows that the oxidation
of the Nd has an important role in the suppression of the nucleation of the reversed
domain. In this experiment, the observed Nd oxides has the fcc structure, and its oxygen
concentration is approximately 16 at%. Table 1.1 show the results of Energy-dispersive

X-ray spectroscopy quantitative analysis of fcc Nd oxides.
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FIGURE 1.6:
Effect of oxidation of Nd layer on coercivity recovery
(This figure is taken from [19])

TABLE 1.1: Energy-dispersive X-ray spectroscopy quantitative analysis of fcc Nd ox-
ides. the data is taken from [19]

at%
O(K,) 15.76
Fo(K,) 5.98

Nd(Lg) 78.24
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1.4 Former works for the coercivity of Nd;Fe 4B sintered

magnets

There are some approaches to evaluate the coercivity of the Nd-Fe-B sintered magnets.
A typical approach is micromagnetic simulation, which is based on the Landau-Lifshitz-
Gilbert equations|20, 21]. Figure 1.7 shows an example of the micromagnetic simulations
based on a finite element method [22-24]. Sub-micron sized NdoFe14B grains are modeled
as rectangular shapes. Such simulations can reproduce demagnetization curves of NdFeB
particles qualitatively. However, with this approach, we cannot consider atomic-scale
effects, especially interface effects between NdsFe;4B main phases and sub-phases. In
this thesis, we consider atomic-scale effects of the interface between NdoFei4B main

phases and sub-phases, using a first-principles calculation to investigate a quantitative

property.

A —FRy MMARIZET S
BIENE LR T 7 DIENB,

FI1GURE 1.7:
(a) Demagnetizing factor(N) dependence of demagnetization curves. (b) mesh size
dependence of demagnetization curves. (¢) Images of magnetic reversal process.
(This figure is taken from [22])


misawahideki



Chapter 1. Introduction 12

1.5 Motivation of the study and the outline of the thesis

The demand of the Dy-free high coercivity magnets has risen in recent years. If the
effect of the oxidation of the Nd sub-phase on the suppression of the magnetic reversal

is clarified, it may lead to a Dy-free method to synthesize powerful magnetic materials.

The first-principles theoretical studies for NdoFe4B have been done by some re-
searchers [25-28], and the magnetic anisotropy on the surface of NdaFe;4B main phase
has been investigated in the first-principles study [29, 30]. However, studies on the mag-
netic anisotropy of the realistic interface explicitly treating NdsFe;4B main phase and
Nd-oxide sub-phase has not been performed. In this study, we investigate the effects of
the realistic interface between NdoFe4B and Nd oxides on the coercivity by the first-
principles study and the goal is the development of a basis for future proposal of the

high coercivity Dy-free permanent magnets.

This thesis is organized as follows. Firstly, we introduce the calculation methods in
Chap. 2. Next, in Chap. 3, we study the bulk form of the main phase and sub-phase
to develop a basis for the latter calculations. In Chap. 4, we calculate the optimized
structure of the interface and discuss the stable positions of the interfacial oxygen atoms.
Using the derived optimum structure, we evaluate the magnetic anisotropy energy of the
interfacial Nd atoms in Chap. 5. In Chap. 6. we investigate the interfacial effects on

coercivity with the results in previous chapter. Finally, we conclude this work in Chap.7.



Chapter 2

Methods

In this chapter, we introduce the calculation methods used in our work. Firstly, the
density functional theory is briefly reviewed. We use the density functional theory
to determine the optimized structure for the evaluation of the magnetic anisotropy.
Secondly, the method to evaluate the magnetic anisotropy energy is introduced. Thirdly,
the method to evaluate the coercivity based on the Landau-Lifshitz-Gilbert equation
is introduced, where the magnetic anisotropy energy calculated in the second step is

employed.

2.1 Density functional theory

2.1.1 Hohenberg-Kohn theorem
The many-body wave functions of electrons obey the Schrodinger equation.
H|P) = (Te + Uee + Vi) |P) = E|D) (2.1)

where,

T, = Z / dryl (r) %( ) (2.2)

_1 r 7’l f r f 7'/ L / 7'/ r
2§/d [l ) e ) ) (23

13
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V= [ drod ) 2o (2.4

This many-body Schrédinger equation can not be solved analytically in general solids.
However, in 1964 [31], P. Hohenberg and W. Kohn have proved two important theorems,

which are the bases of the density functional theory.

First, they have proved that there is a one-to-one correspondence between the electron

density and the external field with respect to the ground states.
n(r) <= V& (in the ground state) (2.5)

Second, they have proved that there is a variational principle with respect to the electron
density.
Eln(r)] = (Qo[n(r)] | Te + Uce + Vei | ®o[n(r)]) (2.6)

En(r)] > E[no(r)] = Ey (2.7)

These statements assure that the ground states of electrons are obtained by minimizing

the energy as a functional of the electron density.

2.1.2 Kohn-Sham equations

On the basis of the Hohenberg-Kohn theorems, W. Kohn and L. Sham developed a
practical one-electron self-consistent eigenvalue equations (the Kohn-Sham equation)
[32]. In the Kohn-Sham approach, the many-body electron system is mapped to an
auxiliary non-interacting electron system. The complicated interactions of many-body
system are then handled by the exchange-correlation functional as a functional of the

electron density.

The Kohn-Sham energy, which is the variational energy functional of the auxiliary

system, can be expressed in

Bxsin(r)] = Tn(r) + 5 [ drdw”m 4 [dm)Vatr) + Blar)] - 25)

where

N,
n(r) =Y > WP (2.9)

o =1
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No
M= S IV (210)

o =1

The minimization of Exg with respect to ¢7*(r) leads to following eigenvalue equations.

1 2 / n(rl) . 5EXC(T> o __ 0,0

And the total energy of the interacting system can be expressed in terms of these eigen-

values as follows.

Etotal—zﬁ + Exc — Z/drnraV" —// d’n |) (2.12)

where Fy. is the exchange-correlation functional and VZ(r) = 525’53). Various exchange-

correlation functionals have been proposed. In this work, we use Generalized Gradient

Approximation (GGA) [33, 34] for the exchange-correlation functional.

2.1.3 DFT+U method

It is difficult to handle strongly localized electrons like 4f electrons with the GGA
exchange-correlation functional because the approximation is based on an assumption
that the electron density is nearly uniformly distributed, which is the nature of itinerant
electron systems. To improve the accuracy of the calculation for the strongly correlated
systems, the Hubbard-like additional functional has been proposed [35, 36]. We employ
the functional proposed by Dudarev et al [36].

The DFT+U energy functional is:

Eprryu = Eprr + By (2.13)
U
By = ;f > (mo — 12 5) (2.14)

ag
where n,, » is the occupation number of the mth localized state, and o is the spin index.
This additional term is small when the occupation number of the localized state is near
0 or 1, therefore this term can be regarded as the penalty functional for the itinerant

electrons.
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2.1.4 Frozen core approximation

Another reliable method to calculate the system with 4f electrons is the frozen core
approximation [37]. In the frozen core approximation, the Coulomb potential of the
localized electrons is replaced with an effective Coulomb potential interacting only with
the valence electrons. This approximation makes the cost of calculation lower, but
sometimes it fails to produce correct electronic states with 4f electrons. In Chap. 3. we
check the effectiveness of the approximation for our target system comparing with the

DFT+U method.

2.2 Evaluation of magnetic anisotropy constant

In Chap. 1, we introduced the crystal field Hamiltonian Eq. (1.1) and the magnetic
anisotropy constant Eq.(1.6). Using them, we here derive the specific form of K; for

Nd3*.Employing the lowest-order approximation for the Hamiltonian [38], we get

=

Her = A3(r*)03 03(J), (2.15)

7

—37yqz for Nd?*t ion. The expectation value of the Stevens operator for the

where 0 is

state |J, M) can be expressed by
0/ 74 1 Iy .9
<J,M]02(J)|J,M>:2J(J—§)—3J(J—§)sm 0, (2.16)

where 6 is the angle of quantization axis of J. The energy expectation value of the

crystal field Hamiltonian is
1 1
(J, M| Hep | J, M) = AS(r?)604 (QJ(J —5) =3 =3) sin? 9> . (2.17)

Comparing Eq. (2.17) with Eq. (1.6), we determine the magnetic anisotropy constant
for the atom by
1
Ky =-3J(J - 5)0JA(2]<7~2> (2.18)

2
(r®)AS = i/dR(i% cos?0 — 1)p(R) /dr47rr2:§p4f(r) (2.19)
>
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where r- and r are min(r, | E|) and max(r,|R|) respectively. p(R) is the charge distri-
bution except the 4f electrons and p4y(r) is the charge distribution of the 4f electrons

These charges are determined with the first-principles calculation.

(r?) AY is called the crystal field parameter, since 6 is negative in Nd3*, the magnetic

anisotropy energy is proportional to the crystal field parameter.

2.3 Evaluation of the coercivity

2.3.1 Landau-Lifshitz-Gilbert equation

The Landau-Lifshitz-Gilbert (LLG) equation is a powerful tool for understanding dy-
namics of spin systems. [20, 21]. Considering the dynamics of one magnetic moment

under an external magnetic field with the Zeeman term. The Hamiltonian is
Hzeeman = —Y0S - H(t), (2.20)

where vy = w is the gyromagnetic constant. S is the spin operator and H(t) is the
external magnetic field. From the time-dependent Schrodinger equation, the expectation

value of the spin operator follows

d

(5(0) =n(S(1) x H(1). (2:21)

Defining the magnetization by M = (S(t)), one can write the equation (2.21) for the
magnetization as
dM

— = —M(t) x H(). (2.22)

Eq. (2.22) yields the precession solution. In practice, damping term is phenomenolog-
ically introduced to obtain the static solution of the spin systems [39]. The resulting

equation of motion is:

a
dt

dM
— oM x H+ ﬁM x = (2.23)
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where « is the Gilbert damping factor, and here we neglected the magnetostatic term.
This damping term suppress the precession of a magnetic moment. Since we focus only

on the final state ( t — c0) , we treat « as an arbitrary parameter.

2.3.2 Atomic scale LLG scheme
In the later calculations with the LLG equation, Nd and Fe atoms are considered to be
localized magnetic moments. For the ith atom, the equation is

dM;
dt

« dMZ

= —yM; x HS + ‘M"Mi X
(2

(2.24)

where Hfﬁ is the effective magnetic field, which is derived by taking the derivative of
the total energy with respect to the magnetic moment. Total energy of the system is
defined as

E=) | -Ki(Ai- M)* = JijM;M; — Hey - M; | (2.25)

i J

where i is a site index, A; is the easy axis of the atom, M; is the normalized magnetic
moment, K; is the magnetic anisotropy constant, and J;; is the exchange constant
between moments. The first term denotes the magnetic anisotropy, the second term
denotes the exchange coupling between the moments and the third term denotes the
interaction with the external magnetic fields. Taking the derivative of total energy with

respect to the magnetic moment, we get

. OE  2K; , » o~ - Jii o
HT = ——— = (A My) A+ LM+ HO (226)
OM; | M| | M|
j 2

2.3.3 Flowchart of the evaluation of the coercivity

Figure 2.1 shows the flowchart of the evaluation of the coercivity. Firstly, we determine
the optimized atomic position and the charge distribution of the interface of NdsFei4B
and Nd oxides. Next, we evaluate the Magnetic anisotropy energy of the interfacial
Nd atoms from the position and charge obtained in previous calculations. Lastly, we

evaluate the coercivity of the interface to use the LLG equations.
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Flowchart of the evaluation of coercivity

Density Functional Theory

Optimized atomic position
Charge distribution

Evaluation of magnetic anisotropy energy

Magnetic anisotropy energy

Landau-Lifshitz-Gilbert equation

Y

Coercivity

FiGURE 2.1: Flowchart of evaluation of coercivity
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Chapter 7

Conclusions

In this thesis, we investigated the interface effects on the coercivity of NdsFe4B sin-
tered magnets based on the first-principles calculation. The aim of this study was to
understand the effects of the oxidation of Nd atoms in the interface of NdyFei4B main

phase and Nd-oxide sub-phase on the coercivity.

Firstly, we calculated the electronic states and stable atomic configuration of the bulk
form of the main phase and sub-phase to develop a basis for the later calculation and to
check the effectiveness of the approximation used in the study. We found that the simple
frozen core approximation is accurate enough to reproduce the result almost identical to
that with the more sophisticated DFT+U approximation. In the calculation for the Nd-
oxide sub-phase, we found that the fluorite structure is more stable than the rock-salt
one. We thus established the stable structure of Nd oxides in the experimental situation

where the enhancement of the coercivity has been observed.

For evaluation of the magnetic anisotropy, we next calculated the stable atomic posi-
tions of the interface of NdoFe14B and Nd oxides in Chap. 4. In particular, we examined
the positions of the oxygen atoms. From the evaluation of the defect formation energy
of oxygen atoms, we found that they prefer interfacial sites near the Nd atoms in the

main phase when the oxygen concentration is low.

In Chap.5, we calculated the magnetic anisotropy energy of Nd ions in the three struc-
tures for the NdsFe4B: bulk NdsFe 4B, NdsFeq4B-vacuum interface, and NdsFe 4B-Nd

oxides interface. We found that the magnetic anisotropy energy of interfacial Nd atoms
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is very sensitive to the distance from the interfacial oxygen. When the NdsFe;4B main
phase is exposed to the vacuum, the sign of magnetic anisotropy energy of interfacial
Nd atoms is inversed from that of Nd deep in the bulk. On the other hand, when the
main phase is faced with the sub-phase some of the oxygen atoms are located near the
interfacial Nd atoms. Then, the electrons around the oxygen atoms approaches to the
Nd atoms, with which the electronic distribution around the bulk Nd atom is partially
recovered. Consequently, the positive magnetic anisotropy energies of the interfacial Nd

atoms are realized.

In Chap.6, we investigated the spin dynamics of the interface using parameters from
first-principles calculation to evaluate the coercivity. We found that when the magnetic
anisotropy energies of the interfacial Nd atoms turn to homogeneously negative the
coercivity drastically decrease regardless of their absolute values. This indicates that the
coercivity is very sensitive to the sign of the magnetic anisotropy energy of the interfacial
Nd atoms. Next, we calculated the coercivity of the interface where the Nd atoms having
positive and negative anisotropy energies are inhomogeneously distributed, with which
we include the effect of oxygen atoms near the interfacial Nd atoms. We found that as
the ratio of the Nd sites having positive magnetic anisotropy energy is increased, the
coercivity is substantially recovered. This result indicates that the significant recovery of
the coercivity in the experiment is due to the oxidation in the interface region. Through
this study, we established a reliable mechanism to enhance the coercivity of the magnets
by interfacial oxygen atoms. The interfacial oxygen atoms, introduced by oxidation of
metallic Nd sub-phase for example, change the magnetic anisotropy of interfacial Nd
atoms from negative to positive. According to our view, the effects of oxygen atoms
originate from the electronic charge around them. Therefore, we expect that the similar
recovery of the coercivity is observed also by injecting atoms of other kinds. Even if
all the interfacial Nd atoms do not have positive magnetic anisotropy, the recovery of
the coercivity is significant. This idea can be verified by experiments with nitridization,

fluoridation, and carbonization.



Appendix A

Effect of the magnetic anisotropy

of Fe on a coercivity

We employed the magnetic anisotropy of Fe in the LLG equation in Chap. 6. As
seen in Table 6.1 and Table 6.3, the magnetic anisotropy energy of Fe is smaller than
that of Nd. We evaluated the coercivity of homogeneously modulated interfaces under
the conditions without the magnetic anisotropy of Fe to investigate the effects of the
magnetic anisotropy of Fe on the coercivity. The calculation condition is the same as

that in section 6.1.

Figure A.1 shows the coercivity of the system with modulated interfacial magnetic
anisotropy. The red points denote the coercivity of the interface with the magnetic
anisotropy of Fe, while the blue points denotes the coercivity without the magnetic

anisotropy of Fe.

We find that the coercivity is enhanced by 7% on average when the magnetic anisotropy
of Fe is employed. Although the magnetic anisotropy of Fe is 0.3% of that of the internal

Nd atoms on average, it affects largely the coercivity of the interface.
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