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Abstract

The grains initiating magnetization reversal in the microstructure of a hot-deformed permanent magnet have been
identified in this study by performing micromagnetic simulations based on the Landau-Lifshitz-Gilbert equation. Hot-
deformed permanent magnets comprise tabular grains, the easy-axis orientations of which are inclined with respect to
the nominal easy axis of the permanent magnet. In the simulation model, the grains complexly overlap, similar to in
actual permanent magnets. We analyze the simulation results considering grain overlap and the easy-axis tilt angles of
the grains. The initiation of magnetic nucleation requires a high concentration of grains with large easy-axis tilt angles.
We clarify the magnetic-nucleation process and provide a method to enhance the performance of permanent
magnets by avoiding a high concentration of grains with large easy-axis tilt angles.

Introduction

Control of magnetization reversal enables us to improve
the performance of permanent magnets, which are indis-
pensable for high-efficiency motors. Hot-deformed per-
manent magnets are candidate materials with high
coercivity that do not contain heavy rare earth elements' ™,
Hot-deformed permanent magnets consist of tabular grains
whose diameter and thickness are on the submicron and
nanometer order, respectivelys_g. A permanent magnet
must have high coercivity to resist the alternating magnetic
field generated in a motor. However, the coercivity of a
realistic permanent magnet is smaller than that suggested
by micromagnetics theory'®. Magnetic nucleation and
domain wall motion reduce the coercivity. When the
external magnetic field approaches the coercivity, the
magnetization starts to be reversed in tabular grains, and
the domain walls move into the other grains''~'°. Although
the origins of magnetization reversal have been theoretically
and experimentally investigated, it remains to be clarified
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how magnetization reversal is nucleated inside a permanent
magnet'®™'?, The purpose of this study is to identify the
relationship between magnetization reversal and the
microstructure of a permanent magnet.

The region of magnetization reversal inside permanent
magnets expands during demagnetization. Both magnetic
nucleation and domain wall motion change the magne-
tization owing to exchange and dipolar interactions. The
dipole field is generated by the magnetization of all grains
in the permanent magnet, in which the grains complexly
overlap. To understand the mechanism of the magneti-
zation reversal process, one must consider the micro-
structures of permanent magnets such as the diameter,
easy-axis tilt, and grain overlap.

The coercivity and magnetic nucleation of permanent
magnets have been extensively investigated®*™°, The coer-
civity of sintered permanent magnets has been revealed using
the isolated grain model with scalar parameters that repre-
sent the effects of the magnetization of other grains®*>°, The
orientation of the magnetization direction inside grains is
driven by the dipole field, which also induces magnetic
nucleation at grain corners>>*. However, the effect of per-
manent magnet microstructures on the initiation of magnetic
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nucleation is yet to be completely understood. To investigate
the interplay between the permanent magnet microstructure
and magnetic nucleation, large-scale micromagnetic simula-
tions considering a large number of grains must be
performed.

In this study, we investigated magnetization reversal
inside a permanent magnet during the demagnetization
process and the effects of the microstructure of the per-
manent magnet on the generation of magnetic nucleation
using a large-scale micromagnetics simulation based on the
Landau—Lifshitz—Gilbert (LLG) equation®*°, When the
external field approaches the coercivity of the permanent
magnet, magnetization reversal is initiated in some grains;
the density of the grains undergoing nucleation is small.
After nucleation formation, the magnetization reversal
begins to propagate inside the permanent magnet through
domain wall motion across the grain boundaries. The dipole
field has a distribution, and its strength exceeds 1.7 T in
some regions where magnetization reversal is initiated. The
dipole field does not have a correlation with the permanent
magnet microstructure, and the easy-axis orientations
identify grains wherein magnetization reversal can be
initiated during demagnetization.

Models and methods

We performed a large-scale micromagnetics simulation
using the hot-deformed permanent magnet model, as
shown in Fig. 1a. The simulation model of 2048 x 2048 x
512 nm® contains 3391 tabular gains, whose thicknesses
are 32nm™. The grains are randomly placed in the xy-
plane and are in contact with each other in both the xy-
plane and the z-direction. The model is fabricated by
stacking layers of grains. The layers are constructed by a
simple molecular dynamics method***'. The distributions
of the grain diameters and the easy-axis orientations of
each grain are shown in Fig. 1b. The easy-axis tilt angle
from the z-direction, A8, has a von Mises distribution, and
the azimuthal angle, ¢, is oriented along a random
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direction. We define the grain diameter as 1/ V /7d, where
V and d are the volume and thickness of the grain,
respectively. The grain diameter has a Gaussian dis-
tribution with a maximum (minimum) value of 189.6
(124.2) nm; the average diameter is 158.4 nm. The average
and maximum A@ are 11.7° and 52.4°, respectively.

The magnetization dynamics is simulated by solving the
LLG equation:

dm(x)
dt

dm(x)
dr ’

= —ym(x)x Hg(x) + am(x) 1

where x is a position vector, m(x) is the normalized
magnetization, « is the Gilbert damping constant, y is the
gyromagnetic ratio, and Hx) is the effective field. In this
study, the effective field consists of the external, H.,(x),
dipole, Hy;,(x), exchange, Hey (%), and anisotropy, Honi(%),
fields. The exchange and anisotropy fields are described by:

Hoe(x) ”;ws V - [A(x)Vi(x)), 2)
Honi () — ZL (%) - & (%)]é, (3)

where A(x) is the exchange stiffness constant, M; is the
saturation magnetization, Kj, is the uniaxial anisotropy
constant, and é, is the easy axis***°. The simulation
model is segmented into 268,435,456 cubic cells of
dimensions 2.0 x 2.0 x 2.0 nm® to simulate the magnetiza-
tion dynamics using the finite-difference method under
periodic boundary conditions. After discretization, the
dipole field is obtained by:

Hap(®) = My > K(xi — 2+ §)m(), (4)
j ¢

where x; represents the center of the ith cell inside one
period, K (x,» —x + E,) is the demagnetization tensor®?,
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Fig. 1 Structure of simulation model. a Simulation model for the hot-deformed permanent magnet of 2048 x 2048 x 512 nm>*°. Each tabular grain
region is indicated by a different color. b Distributions of the diameters and the easy-axis tilt angles. Blue (red) indicates the number of grains as a
function of the diameter (easy-axis tilt angle AB) of the individual grains. A6 is defined in the inset of b.
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and § is the displacement vector of the periodic system.
The  displacement vector is represented by
§ = (Luny, Lyny,L;n;), where L; is the system length in
the [-direction, and #; is an integer. We set the cutoff of
the sum of the demagnetization tensor to three periods.
Thus, n; varies from —1 to 1. We parallelize the
simulation using the message passing interface. We
perform data transfer for stencil and fast Fourier
transformation, which are essential for the calculation of
the exchange and dipole fields, respectively*®. We adopt
the Runge—Kutta—Fehlberg method with an adjustable
time step for the time evolution of the magnetization®’.
We employ the fourth- and fifth-order Runge—Kutta
methods for the time evolution of the magnetization and
the error ratio, respectively (RKF45). The accuracy of the
time evolution and the safety factor are set to 1.0 x 10™*
and 0.95, respectively*®. The external field is changed with
a step of 0.2T to obtain a demagnetization curve. The
magnetization is relaxed at each step until the average
torque is 1.0x 10 3571,

We assume that the magnetic material of the grain is
Nd,Fe;4B, whose parameters are as follows**™>*: oM, =
161 T, Ky, =4.5x10°]/m?, a=1.0, and |y| =1.76 x 10’
s 'G™'. We set the exchange stiffness constant, A(x), to
1.25x 10 "' J/m for intragrain exchange interactions. In
this study, we consider the thin-limit grain boundary
phase without crystalline anisotropy. When the grain
boundary phase becomes infinitely thin, the magnetiza-
tion of the grain boundary phase does not affect the dipole
field. However, the grain boundary phase weakens the
exchange interaction between the grains. Hence, we set
the exchange constant between the grains to 1.25 x 10~ '3
J/m. In our previous studies, we reproduced the motion of
the domain walls, which stopped at the grain boundaries
in the initial magnetization process, and the two-step
structure of the initial magnetization curve for the hot-
deformed permanent magnet using the same treatment as
that for the grain boundary phase®™. The micromagnetic
simulation was performed on Blue Gene/Q at the High
Energy Accelerator Research Organization in Japan, and
we used our own simulator*®>*>°°,

Results and discussion
Demagnetization curve and magnetization reversal

A demagnetization curve obtained by the micro-
magnetics simulation is shown in Fig. 2a. The demagne-
tization curve shows a high squareness ratio, which is
consistent with that obtained in the experiments on the
hot-deformed permanent magnet. The coercivity of our
simulation model is 2.9 T. Figure 2b shows the magneti-
zation configuration near the coercivity indicated by B in
Fig. 2a. When the external field approaches the coercivity,
the magnetization has an interaction magnetic domain
structure, in which single-domain grains with positive or
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negative m, constitute the magnetic domain structure in
the xy-plane®”. Along the z-direction, the magnetization
tends to produce columnar structures owing to the
dipolar interaction. After the external field reaches
—2.8 T, the average magnetization along the z-direction
gradually decreases. Figure 2c shows the time evolution of
the average m, when the external field is —2.8 T during
the demagnetization process. Initially, the average m,
gradually decreases because nucleation of magnetization
reversal occurs in a few regions. After 1.0 ns, the average
m, quickly decreases owing to the expansion of magne-
tization reversal regions.

Figure 2d—f shows three-dimensional images of the
magnetization reversal regions at different times when the
external field is —2.8T. The magnetization reversal
regions appear in only three areas when the elapsed time
is 0.04 ns. The domain wall displacement, which expands
the magnetization reversal region, tends to be stopped at
grain boundaries owing to the reduction in the exchange
interaction to 1.0% of that inside the grains. In contrast,
the dipolar interaction promotes domain wall displace-
ment across the grain boundaries along the z-direction.
As a result, the magnetization reversal region produces a
pillar-shaped magnetic domain at 0.76 ns owing to the
dipole field. This pillar-shaped magnetization reversal
region expands in the xy-plane, as shown in Fig. 2f, and
finally, the interaction domain structure appears in the
permanent magnetsg_

As shown in Fig. 2b, the magnetization is reversed in
approximately half of the permanent magnet, even if the
magnetization reversal initiates in just a few grains. To
clarify the origin of the nucleation of magnetization
reversal, we analyzed the magnetization and the effective
field of the remanent magnetization states. Figure 3b
shows the magnetization in the remanent magnetization
states. When the external field is —2.8 T, the magnetiza-
tion is reversed in the grain with Af =52.4°, as shown in
Fig. 3a. The magnetization reversal is initiated near the
grain boundary because the grain boundary weakens the
exchange interaction. A magnetic-nucleation site also
occurs near the grain boundary in another magnetization
reversal region, as indicated in Fig. 2d. The magnetization
tends to be oriented in the same direction inside the
grains in the remanent magnetization states. In contrast,
the effective field is distributed inside the grains. Figure
3c—e shows the exchange, anisotropy, and dipole fields,
which comprise the effective field when the external field
is 0.0 T. The exchange and anisotropy fields are uniform
in the magnetization reversal regions, as indicated by the
arrows in Fig. 3e, and these fields are positive or almost
zero inside the grains. In contrast, the dipole field has a
nonuniform distribution®”*® and a negative value in
region A; the strength of the dipole field reaches 1.76 T in
the z-direction. The total magnetic field approaches
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Fig. 2 Magnetization dynamics during demagnetization process. a Calculated demagnetization curve; b three-dimensional image of
magnetization at He, = —2.8T, in which different values of m, are represented by different colors®”; and ¢ time evolution of average magnetization
along the z-direction, which starts from the stable magnetization at Hey, = —2.6 T, when the external field is —2.8 T. The average m, at Heyy = —2.6
and —2.8T are indicated by A and B in a. Snapshots of magnetization reversal regions when the elapsed times are d 0.04 ns, e 0.76 ns, and f 1.48 ns;
the external field is —2.8 T. Different values of m, are represented by different colors. The regions in which m, has a positive value are transparent.

J

4.56 T around region A, which exceeds the switching field
of this grain. The switching field of a single-domain grain
H¢ is estimated by:

2K1y 1

HE =
M 327 5
Hol¥ls (cos AB)*/® + (sin A@)z/?’} )

c

which is 3.55 T for the grain in which the magnetization is
partially reversed in Fig. 32>’ Although the dipole field
also has a negative value in other regions, the total
magnetic field does not exceed the switching field of the
grains. The dipole field has a large absolute value at the
edges of the grains in neighboring layers.

Relationship between magnetization reversal and
microstructure

The dipole field plays an essential role in the realization of
magnetization reversal in permanent magnets®>'. Fig. 3e

shows the application of a strong dipole field to the corner of
a grain, initiating magnetization reversal inside the perma-
nent magnet. To illustrate the relationship between magne-
tization reversal and the permanent magnet microstructure,
the dipole field of a simple system comprising two grains,
shown in Fig. 4a, was calculated. The easy axis of the single-
crystal magnetic material is fixed in the z-direction. The grain
diameter and thickness are 160.0 and 32 nm, respectively.
We independently tilt the easy-axis orientations of the grain
(AB)) and the contacted grain (A6,), and the easy axes of the
grain and the contacted grain are tilted in the +x and —x
directions, respectively. We assume that the magnetization is
orientated parallel to the easy axis. Figure 4b shows the
dipole field at the interface between the upper and lower
grains when A6, and A8, are 45°. The dipole field has a large
value at the edges of the grains, and the absolute value of the
dipole field approaches 1.07 T. Figure 4c shows the dipole
field at the corner indicated by the gray circle in Fig. 4a as
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functions of Af; and A8,. The dipole field has a finite value
of —054T, even though the easy axes are not tilted.
Although the contour lines exhibit curvature with increasing
AB; and AB,, the dipole field is approximately proportional to
Af; + A6, when A6, and Af, are small. In the following
analysis, we consider this rough approximation.

In actual permanent magnets, magnetization produces a
nonuniform dipole field because the strong anisotropy
field of the grains tilts the magnetization from the z-
direction. Hence, the values of Af concerning contacted
grains were calculated to investigate the relationship
between the initiation of magnetization and the easy-axis
tilt angles. It is noteworthy that the proposed study
ignores the effect of the azimuthal angle to simplify the
analysis of the simulation results.

To analyze the simulation results with the realistic
model, we define Af;; as the largest easy-axis tilt angle
among those of the contacted grains in the z-direction, as
shown in Fig. 4d. Figure 4e shows the relationship
between the maximum dipole field along the z-direction
inside the grains and the tilt angles of the grains, including
the contacted grains. We consider the remanent magne-
tization, and the sign of the dipole field is not considered
in this analysis. The dotted line shows the dipole field
along the z-direction as calculated by the two-grain model
with A8; = A6,. The dotted line is located at the center of
the distribution of the maximum dipole fields of the
grains. The maximum dipole field does not have a

correlation with Af; 4+ Af;;; the correlation coefficient is
0.33. The colors indicate the switching fields of the grains
obtained by Eq. 5. The correlation coefficient r between
data sets A;, and B; is defined by:

o YLA-DBE-B)
V(A — AP (B, - B

where A and B are the average A; and B,, respectively, and
n is the data size. When A6; + A6, ; exceeds 70.0, a dipole
field of over 1.0 T is applied to grains in the z-direction,
whose switching fields are ~4.0 T. Figure 4f shows the
dipole field around grains A and B, which are defined in
Fig. 4e. As can be seen, the magnetization within grains A
and B enhances the positive dipole field. This positive
dipole field is weak because the average dipole field has a
negative sign inside permanent magnets. Thus, the dipole
field cannot be described only by the easy-axis orientation.

As shown in Fig. 2d—f, the grains have a multidomain
structure during the switching process, and finally, the
magnetization is completely reversed inside the grains.
Hence, we can define the “switching time” of a grain as
when the total 7, of the grain is 0. A shorter switching
time represents a preference for magnetization reversal.
Figure 5 shows the switching time as a function of A6; +
AB; ;. Initially, the magnetization is reversed in the grains
with Af;+ Af;; 260.0°. After that, the domain walls
continuously move into the grains with relatively large

(6)
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Fig. 4 Relations between dipole fields and microstructures. a Schematic of the two-grain model, wherein hexagonal flat grains are stacked
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Relationship between the maximum dipole field along the z-direction and AB; 4 AB; . Colors represent the grain coercivity calculated using Eq. 5. The
dotted line represents the relationship between the dipole field of the two-grain model and the tilted angles of the grains. Grains demonstrating
regions of magnetization reversal in Fig. 2d are indicated by arrows. f Dipole field along the z-direction near grains A and B indicated in e.

AB; + AB;; owing to the dipolar and exchange interac- shows the correlation coefficient pertaining to the max-

tions. In contrast with the easy-axis tilt angle, the dia-
meter of the grains does not relate to the generation of
magnetization reversal regions. The correlation coeffi-
cients for the diameter and A8; + A6, are 0.21 and —0.67,
respectively. The correlation coefficient for A6;+ A6,
represents a negative correlation.

In this study, the effects of contacted grains on the
correlation coefficients pertaining to the maximum dipole
field and grain switching time were considered. Figure 6a

imum dipole field as a function of AG; + >}, Af;x. As
observed, this correlation coefficient is not significantly
increased by considering Af;, and Af;3—defined as the
second- and third-largest easy-axis tilt angles with respect
to the z-axis, as shown Fig. 4d. Although the correlation
coefficient slightly increases when considering A6;, and
AB; 3, its value remains small. Figure 6b shows the abso-
lute values of the correlation coefficient between the
switching time of the grains and A6; + Y ;_; A
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The correlation coefficient increases by 0.1 when con-
sidering the effect of the contacted grains with the sec-
ond- or third-largest easy-axis tilt angles. Thus, contrary
to the dipole field, the easy-axis tilt angles of grains
represent the initiation of magnetic nucleation inside
permanent magnets. Tilting of the easy axes of grains does
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not always increase the dipole field, as can be seen in
Fig. 4e. However, tilted easy axes are indispensable for the
generation of strong dipole fields. Thus, the easy axes of
grains can be used to identify grains wherein initiation of
magnetic nucleation occurs.

The results of this study suggest that the magnetization
reversal process can be represented by the microstructure
of the permanent magnet. The easy-axis orientations
describe the grains in which magnetization reversal is
initiated, and a concentration of grains with tilted easy axes
reduces the coercivity owing to the nucleation of magneti-
zation reversal. In this analysis, it is unnecessary to use the
magnetization information inside the permanent magnet.
This study provides a method to improve the coercivity of
the permanent magnet by avoiding the concentration of
grains with tilted easy axes and a method to analyze the
performance of a permanent magnet without large-scale
micromagnetic simulations. The correlations in Figs. 4e, 5a,
and 6 are not as strong because the local dipole field is
influenced by other structures of the permanent magnet,
such as the azimuthal angle of the easy axis and the dis-
tribution of the dipole field in the xy-plane. In future work,
we will clarify the effects of other structures, including grain
boundary phases, on magnetization reversal.

Summary

The origin of magnetic nucleation inside hot-deformed
permanent magnets was clarified by performing a large-
scale micromagnetics simulation considering 3391 tabular
grains whose diameters and easy-axis orientations have
distributions. The magnetization reversal process starts
when the external field reaches the coercivity. After
nucleation of magnetization reversal, the domain walls
displace across the grain boundaries, and the magnetiza-
tion reversal region expands into the hot-deformed per-
manent magnet. The magnetization reversal region has a
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pillar-like structure owing to the dipolar interaction, which
tends to move the domain wall in a direction parallel to
the external field. At the coercivity, our simulation
reproduces the interaction domain structure, in which the
single-domain grains construct the domain structure.

The dipole field promotes the nucleation of magneti-
zation reversal. The dipole field has a distribution inside
the permanent magnet, and its absolute value reaches
1.76 T at the region where the magnetization reversal
initiates. In contrast, the exchange and anisotropy fields
do not have local distributions inside the grains. The
switching field of the grain in which magnetization
reversal is initiated is almost the same as the sum of the
external field and the dipole field.

The dipole fields inside permanent magnet models do
not have a relationship with the easy-axis orientations of
the constituent grains. Thus, the dipole field in permanent
magnets cannot be described only by these easy-axis
orientations owing to the complex overlapping of grains.
However, contrary to the dipole field, magnetic nucleation
has a strong correlation with the easy-axis tilt angles of
grains. Since tilted easy-axis orientations are necessary for
the generation of a dipole field, grains wherein magnetic
nucleation initiates can be identified based on their easy-
axis tilt angles. The results of this study suggest the
possibility of identifying the grain in which magnetization
reversal starts by using the microstructure of the perma-
nent magnet and provide a method to enhance the
coercivity by avoiding the concentration of grains with
tilted easy axes.
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