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Large-scale micromagnetics simulations based on the Landau-Lifshitz-Gilbert equation are performed
to clarify the initial magnetization process of a Nd2Fe14B hot-deformed permanent magnet. A simulation
model of the permanent magnet having 5302 grains is capable of elucidating the effects of networks among
the grains. The calculated initial magnetization curve of the permanent magnet reproduces the two-step
structure found in experiments. In the demagnetized state obtained from random magnetic configuration,
multi- and single-magnetic-domain structures are formed in tabular grains that constitute the hot-deformed
permanent magnet. The external magnetic field displaces the domain wall during the first step in the initial
magnetization curve, and the multidomain grains disappear after the first step. In the second step, the
magnetization reversal of the single domain occurs in grains with magnetization opposite the external
field, and the magnetization reversal tends to occur in the grains with the easy axis tilted from the bulk
easy magnetization axis. The average magnetic switching field of these single-domain grains is slightly
higher than that of the bulk hot-deformed permanent magnet, and the domain-wall displacement across
the grain boundary reduces the coercivity by 3.57 kOe in our simulation model. This discrepancy enables
us to estimate the effects of networks among the grains through the dipolar interaction.
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I. INTRODUCTION

Owing to the expected greatly increasing demand for
electric vehicles in the near future, a high-performance
permanent magnet, which is the most important mate-
rial for motors, with minimal use of heavy rare-earth
elements is being extensively developed [1]. Among the
heavy-rare-earth-free high-performance permanent mag-
nets, a hot-deformed permanent magnet is one of the
most promising candidates with both high coercivity and
remanent magnetization [2–5]. These hot-deformed per-
manent magnets consist of tabular grains with diameters
of a few hundred nanometers. The coercivity is enhanced
by the infiltration process that decreases magnetic interac-
tions among the grains [6–8]. However, the high-coercivity
mechanism for hot-deformed permanent magnets remains
to be established, and it is important to clarify the effect
of the intergrain interaction to design high-performance
permanent magnets.

The distinct features of hot-deformed permanent mag-
nets are that the initial magnetization curve has a two-step
structure [9–13], unlike the single-step structure observed
in conventional sintered permanent magnets. The two-
step structure is enhanced by the improvement of the
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grain boundary, which also increases the coercivity of
the hot-deformed permanent magnet. Hence, this two-step
structure in the initial magnetization curve may be key
to understanding the high-coercivity mechanism of hot-
deformed permanent magnets, and it is also important to
clarify the relationship between coercivity and the second
step. Magnetization dynamics in permanent magnets has
been investigated for many years [14] because the inhi-
bition of domain-wall motion across grain boundaries is
expected to affect the initial magnetization curve [15–21].

We need to investigate the motion of the magnetic
domain wall in the magnet to clarify the two-step struc-
ture in the initial magnetization curve of a hot-deformed
permanent magnet; however, direct experimental observa-
tion of the magnetization dynamics inside the permanent
magnets is rather difficult. Instead, micromagnetics sim-
ulations are used to reveal the magnetization dynamics
in permanent magnets [22–26]. Micromagnetics simula-
tions enable the observation of the details of domain-wall
motion and the complex magnetic interactions among the
grains. For realistic micromagnetics simulations of per-
manent magnets, micrometer-sized simulation models dis-
cretized into nanometer-sized calculation cells must be
used owing to the discrepancy between the sizes of the
grains and the domain-wall width. Thus, large-scale micro-
magnetics simulations are indispensable for investigation
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of magnetization dynamics within permanent magnets
[27–29].

In this study, we perform a micromagnetics simula-
tion with a large model with 5302 grains based on the
Landau-Lifshitz-Gilbert equation to reveal the magneti-
zation dynamics during the initial magnetization process
of a hot-deformed permanent magnet. We investigate the
demagnetized state under zero external field, in which mul-
tidomain and single-domain structures are formed. Then
we calculate the initial magnetization curve, which shows a
two-step structure, and we find that the grains tend to have
a single-domain structure and that magnetization reversal
is independent of the magnetization in the other grains in
the second step. We estimate the effects of networks among
the grains owing to the dipole field by comparison of
results for the reversal of the field of the individual single-
domain grains and the coercivity of the bulk permanent
magnet.

II. MODEL AND METHOD

Figure 1(a) shows a three-dimensional image of the sim-
ulation model for a hot-deformed permanent magnet. The
simulation model with a size of 2048 × 2048 × 512 nm3

is constructed by our stacking layers that consist of tab-
ular grains with thickness of 32 nm. These layers are
created by the following procedure. First, we randomly
place circles in the two-dimensional system with periodic

(a) (b)

(c)
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FIG. 1. (a) Simulation model for the hot-deformed permanent
magnet (the color indicates each tabular-grain region). (b) Def-
initions of the tilt angle, �θ , from the z axis and the azimuth
angle, φ, of the easy axis, êa(x). (c) Distributions of the grain
diameter and �θ . The solid line (dotted line) and circles (trian-
gles) represent the number of grains as a function of the diameter
of an individual grain (�θ ).

boundary conditions. Repulsive forces act between the cir-
cles, the diameters of which have a Gaussian distribution.
The repulsive force potential of the ith circle is written
as Ui = ∑

j Ap exp{−[dij − (ri + rj )]/rd}, where Ap is a
constant, rd is the decay radius, and dij is the distance
between the ith circle and the j th circle, whose radii are
ri and rj , respectively [30]. We assume Ap = 2.0 J and
rd = 5.0 nm. After calculating the dynamics of the circles
using the conventional molecular-dynamics technique, we
obtain equilibrium positions for the center of each circle.
Finally, the layers for the simulation model are created by
our dividing the two-dimensional system using a Voronoi
tessellation created from the positions of the circle centers.
We tilt the easy axis of each grain, êa(x), from the z axis as
shown in Fig. 1(b). The tilt angle of the easy axis,�θ , is set
to have a von Mises distribution, and the azimuth angle, φ,
is randomly distributed. Figure 1(c) shows the distribution
of the diameter of individual grains and �θ of the simula-
tion model. To estimate the diameter of an individual grain,
we assume the shape of the grain is cylindrical. Thus, the
grain diameter is defined as

√
V/πd, where V is the vol-

ume of the grain and d is the thickness of the grain. In
total, 5302 grains are used in this model. The grain diame-
ter ranges from 98.2 to 154.8 nm, and the average diameter
is 126.7 nm. The average �θ is 11.5◦, and the maximum
angle is 55.3◦.

We perform the micromagnetics simulation using the
simulation model shown in Fig. 1(a). Magnetization
dynamics is calculated by our solving the Landau-Lifshitz-
Gilbert equation, which is

dm(x)
dt

= −γm(x)× Heff(x)+ αm(x)× dm(x)
dt

, (1)

where x is a position vector, m(x) is the normalized mag-
netization, α is the Gilbert damping constant, γ is the
gyromagnetic ratio, and Heff(x) = δw/δm is the effective
field. We assume that the magnetic Gibbs-free-energy den-
sity, w, consists of external, wext = −Msm · Hext, dipolar,
wdip = −0.5Msm · Hdip, exchange, wexc, and anisotropic,
wani, energy densities, where

wexc = A(x)[|∇mx(x)|2 + |∇my(x)|2 + |∇mz(x)|2], (2)

wani = K1u{1 − [m · êa(x)]2}, (3)

where A(x) is the exchange-stiffness constant and K1u
is the uniaxial-anisotropy constant, Ms is the saturation
magnetization, Hext is the external field, and Hdip is the
dipole field [31–33]. The dipole field is calculated with fast
Fourier transform, which reducesthe calculation time for
this field to O(nlogn), where n is the number of calculation
cells. We calculate the time development of the magne-
tization using the Runge-Kutta-Fehlberg method with an
adjustable time step [34]. The development of magnetiza-
tion and an error are calculated by fourth- and fifth-order
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Runge-Kutta method, respectively (RKF45). We set the
accuracy to 1.0 × 10−4, and the safety factor to 0.95 for
RKF45. The magnetization is considered to have con-
verged after the magnitude of the averaged torque reaches
1.0 × 10−3 s−1.

We segment the simulation model into 268 435 456
cubic cells with dimensions 2.0 × 2.0 × 2.0 nm3 and
calculate the magnetization dynamics using the finite-
difference method under periodic boundary conditions to
investigate the magnetization dynamics in the perma-
nent magnet. We select the following Nd2Fe14B material
parameters [35–40]: Ms = 1281.2 emu/cm3, K1u = 4.5 ×
107 erg/cm3, α = 1.0, and |γ | = 1.76 × 107 s−1 G−1. We
set the exchange-stiffness constant, A(x), to 12.5 × 10−7

erg/cm for intragrain exchange interactions. We consider
the thinnest limit of the grain-boundary phase. In previous
work, we performed the simulation with the exchange-
stiffness constant set to 12.5 × 10−9 erg/cm between the
grain and the grain-boundary phase, and we obtained
demagnetization curves with shapes in good agreement
with the experimental results [41]. Hence, we set the same-
exchange stiffness constant for intergrain exchange inter-
actions to include the effects of the thin grain-boundary
phase. We do not consider defects in the simulation
model. The micromagnetic simulation is performed on
Blue Gene/Q at KEK in Japan with use of our simula-
tor [42–44].

The simulation is executed by our performing the fol-
lowing procedure. First, we orient the magnetization of
each cell completely at random to form an initial magneti-
zation state. We then calculate the magnetization dynamics
under no external field to obtain a demagnetized state
under zero external field. After obtaining this state, we
apply the external field along the +z direction and cal-
culate the stable magnetization state. In addition, we per-
form micromagnetics simulation using another simulation
model whose averaged diameter and �θ are almost the
same, and the initial magnetization curve of this simu-
lation model also has a two-step structure. Hence, the
properties of the magnetization dynamics during the ini-
tial magnetization process are independent of the ini-
tial seed for a pseudorandom number in our large-scale
simulation.

After performing the simulation, we calculate the mag-
netic correlation function for mz, which is defined as

Czz(r) = 1
	

∫
dxmz(x)mz(x + r), (4)

where 	 is the volume of the simulation model and r is
the distance between the two points. We integrate over the
entire simulation model. The magnetic correlation function
becomes constant when the magnetization distribution is
uniform, and the magnetic correlation function oscillates
when the magnetic configuration is periodic. According to

Kronmüller [20], the coercivity of an uncorrelated perma-
nent magnet is

〈H nc
c 〉avg = 2K1u

Ms
〈αKαψ 〉avg − NeffMs, (5)

where 〈αKαψ 〉avg is the averaged structural reduction fac-
tor and Neff is the effective demagnetization factor. In
the demagnetization process, the domain wall moves
across the grain boundary owing to the dipole field [29].
The real permanent magnet has a network among the
grains owing to the intergrain interactions. If the inter-
grain interaction consists of only a dipole field, and we
assume that Neff inside the grain is unchanged through-
out the initial magnetization and demagnetization pro-
cesses, the coercivity of the permanent magnet can be
written as

Hc = 〈H nc
c 〉avg − N D

effMs, (6)

where the correction factor N D
eff represents the effects of

the domain-wall displacement across the grain boundary
on the coercivity due to the dipole field.

III. RESULTS AND DISCUSSION

A. Demagnetized state under zero external field

Figure 2(a) shows a three-dimensional magnetization-
distribution image of the calculated demagnetized state
under zero external field. The magnetization distribu-
tion in the magnet shows a complex magnetic domain
structure owing to the interplay between the exchange
interaction and the dipolar interaction. The magnetization
configuration of the demagnetized state is completely dif-
ferent from that of the demagnetization process, where
an interaction domain structure appears [29]. A maze-
like domain is observed in the xy plane, whereas in
the z direction, the magnetization tends to be aligned
to form a columnar structure because of the dipolar
interaction.

Figure 2(b) shows a cross section of the magnetiza-
tion distribution of mz in the xy plane at z = 16 nm. The
mazelike complex magnetic domain structure in the xy
plane consist of single-domain and multidomain grains.
The magnetic domain structure has domain walls at the
boundary of the magnetic domain, and the energy of
the domain wall is described by 4

√
A(x)K1u(x), where

A(x) and K1u(x) are the exchange-stiffness and uniaxial-
anisotropy constants at x, respectively [45–48]. Hence, the
energy of the domain wall is minimized when the mag-
netic domain walls are placed on the grain boundary, where
the exchange-stiffness constant is smaller than inside the
grain. However, as mentioned above, the columnar struc-
ture tends to be created by the dipolar interaction along
the z direction, and the grains have an overlapping region
between them. Thus, the domain walls of the mazelike
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(a)

(b)

FIG. 2. (a) Three-dimensional magnetization-distribution
image of the demagnetized state under zero external field (the
color represents the value of mz). (b) A cross section of the
demagnetized state in the xy plane at z = 16 nm (white lines
indicate the grain boundaries).

magnetic domain are placed inside the grain and at the
grain boundary. This complex domain structure results in
various modes of magnetization reversal in an initial mag-
netization process of the hot-deformed permanent magnet.

B. Demagnetization process

A demagnetization curve of this simulation model is
shown in Fig. 3(a). The magnetization reversal is nucle-
ated. When the external field approaches the coercive field,
nucleation cores are created around a corner of grains
whose �θ tends to be larger than that of other grains. A
local strong dipole field is another important feature for
the occurrence of the nucleation core. The dipole field is
not uniform inside the permanent magnet owing to the
random misorientation of the easy axis. In some region,
a dipole field exceeding 1.0 T is applied to the grain along
the −z direction. When the strong dipole field is applied
to the corner of the grain, the nucleation core tends to be
created. Afterward, magnetization-reversal regions expand
among the grains. Hence, the dipolar interaction plays an
important role in magnetization-reversal processes. The
coercivity of this model is 29.94 kOe.

(d)

(b)

(c)

(a)

(e)

(f) (g)

FIG. 3. (a) Calculated demagnetization curve, (b) calculated
initial magnetization curve, and (c) experimental initial magneti-
zation curve [10]. Cross section of the magnetization distribution
at various external magnetic fields Hext: (d) 5 kOe, (e) 25 kOe,
(f) 35 kOe, and (g) 42 kOe.

C. Initial magnetization process

Figure 3(b) shows the calculated initial magnetiza-
tion and demagnetization curves from the micromagnetics
simulation. The initial magnetization curve has the two-
step structure that has been observed in experiments as
shown in Fig. 3(c) [10–14]. When the external field is less
than 13.0 kOe, the average mz quickly increases as the
external field increases. Subsequently, the initial magne-
tization curve is constant until the external field exceeds
25.0 kOe. The average mz increases again when the exter-
nal field is between 26.0 and 42.0 kOe, and the simulation
model is magnetized after the external field exceeds 43.0
kOe.
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FIG. 4. (a) Magnetization curves for m0
mu (green), m0

sp (red),
and m0

sn (blue) as a function of the external field. (b) Ratio of the
number of grains with the multidomain structure (magenta) and
single-domain structures with positive mz (orange) and negative
mz (cyan) as a function of the external field.

We calculate 〈H nc
c 〉avg using the magnetization-reversal

field and �θ of the grains in which the magnetization is
revered during the second step of the initial magnetization
curve. In our simulation, 〈H nc

c 〉avg is 33.51 kOe, which is
larger than the coercivity of this model, and N D

eff in Eq. (6)
is estimated as 0.222. If the magnetization is reversed inde-
pendently inside the grains, the discrepancy represents the
effects of networks among the grains.

To investigate the domain-wall motion in the hot-
deformed permanent magnet, the cross sections of the
magnetization distribution at some external field are shown
in Figs. 3(d)–3(g), and the magnetization curves of grains
according to the multidomain structure (m0

mu) and single-
domain structures with positive mz (m0

sp) and negative mz

(m0
sn) in the demagnetized state under zero external field

are shown in Fig. 4(a). In the first step [Fig. 3(d): Hext = 5
kOe], compared with Fig. 2, the domain walls move into
the multidomain grains. Hence, only m0

mu increases, and
m0

sp and m0
sn are constant in this step. Afterward, the motion

of the domain wall stops at the grain boundaries because
the exchange fields are small at the interfaces between
grains. The average mz is insensitive to the increase in
the external field up to Hext = 25 kOe, and all grains have
a single-domain structure at Hext = 25 kOe, as shown in
Fig. 3(e). In the second step [Fig. 3(f): Hext = 35 kOe], the
magnetization reverses in the single-domain grains with
negative mz, as shown by the magnetization curve of m0

sn
in Fig. 4(a). Finally, all grains are magnetized as shown
in Fig. 3(g). As shown in our previous work [49], the
coercivity decreases with increasing intergrain interaction
due to the displacement of the domain wall across the
grain boundaries. As the intergrain exchange interaction

increases, it is expected that the domain-wall displace-
ment between the grains occurs in the initial magnetization
process and the two-step structure disappears.

The behavior of the domain-wall motion is also inves-
tigated by the number of multidomain and single-domain
grains, as shown in Fig. 4(b). In the first step, the num-
ber of multidomain grains decreases, and the number of
single-domain grains with positive mz increases owing to
the motion of the domain wall toward the grain bound-
ary. Multidomain grains cease to exist at mz > 20 kOe.
In contrast, the number of single-domain grains with neg-
ative mz is constant until the second step in the initial
magnetization curve. In the second step, the magnetiza-
tion reverses in single-domain grains with negative mz
and the number of single-domain grains with positive mz
increases.

The magnetic correlation function is an autocorrela-
tion function of magnetization distribution, and it repre-
sents the magnetic configuration of magnetic materials.
The domain-wall displacement and the stoppage of the
domain-wall motion at the grain boundary are clarified by
the correlation function for mz. When the magnetization
distribution is uniform, the magnetic correlation function
for mz should be constant. In contrast, the magnetic corre-
lation function oscillates when the magnetization distribu-
tion is periodic. Figure 5 shows the magnetic correlation
function for mz as a function of rx and rz, which repre-
sent the distances of two points along the x direction and
the z direction, respectively, under various external fields.
In the case of the demagnetized state (Hext = 0 kOe), the
magnetic correlation function in the x direction quickly
attenuates while slightly oscillating, and it becomes zero
at rx ≥ 200 nm. In the z direction, the attenuation ratioof

(a)

(b)

FIG. 5. Magnetic correlation function for mz along (a) the x
direction and (b) the z direction at various external fields: 0.0
kOe (red), 5.0 kOe (green), 25.0 kOe (blue), 35.0 kOe (brown),
and 42 kOe (purple).
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the magnetic correlation function is smaller than that in the
x direction, and the correlation function has a finite value
even at rx = 250 nm. Hence, it is revealed quantitatively
that the demagnetized state has a columnar structure and
a mazelike magnetic domain along the z direction and in
the xy plane (see Fig. 2). As the external field increases,
the attenuation ratios become small in both the x direction
and the z direction because regions with positive mz are
expanded by the displacements of the domain wall. At
the beginning of the second step in the initial magnetiza-
tion curve (Hext = 25 kOe), the autocorrelation functions
become flat in both the x direction and the z direction
after rx and rz exceed the grain thickness (32 nm) and the
averaged grain diameter (126.7 nm), respectively. These
behaviors indicate that grains that have a single-domain
structure with negative mz tend to be isolated from each
other. After the external field exceeds the value at the end
of the second step (Hext = 35 kOe), the correlation func-
tions are constant at all rx and rz because the magnetization
process is complete.

The magnetization reversal of grains with negative mz
independently occurs in the second step, and we can
evaluate the reversal field of the grains as the external field
H sd

1 , where the magnetization of the single-domain grains
with negative mz is reversed. We also evaluate the external
field H mu

1 , where mz of the multidomain grain is 0.5 in the
first step. Figure 6 shows the dependence of H sd

1 and H mu
1

as a function of the diameter of an individual grain and�θ .
H mu

1 shows no correlation to the diameter of an individ-
ual grain and�θ , indicating the domain-wall displacement
inside the grain does not depend on the grain diameter and
�θ . In contrast, H sd

1 correlates to�θ . Magnetization rever-
sal of the grain with large �θ occurs easily. H sd

1 shows
a small correlation to the diameter of an individual grain
as shown in previous studies [50–52]. The average H sd

1 is
identical to the coercivity of a permanent magnet that con-
sists of uncorrelated grains because the magnetization of a
grain with negative mz is independently reversed.

Estimation of the effect of the intergrain interaction is
difficult with only the demagnetization curve because the
domain wall moves across the grain boundary during the
demagnetization process [29]. In contrast, the magnetiza-
tion is individually reversed inside the grains in the second
step in the initial magnetization curve. Our simulation
indicates that the discrepancy between the coercivity and
〈H nc

c 〉avg enables estimation of the strength of the inter-
grain interaction that reduces the coercivity. In this study,
the dipole field governs the intergrain interaction because
the exchange constant is small at the grain boundary. Thus,
we can use Eq. (6) and estimate the corrective factor N D

eff.
To design a high-coercivity magnet, it is desirable to

reduce N D
eff, which represents the coupling among the

grains owing to the dipole field. N D
eff relates to textures of

the permanent magnet. The nucleation cores are created
at the corner of the grain around which the strong dipole

(a)

(b)

(degree)

FIG. 6. Reversal field of the grains H sd
1 (external field where the

magnetization is reversed within the single-domain grains with
negative mz in the second step), and the field H mu

1 under which
mz of the multidomain grain becomes 0.5 in the first step, as a
function of (a) the diameter of an individual grain and (b) �θ .

field is locally applied during the demagnetization process.
Hence, the reduction of the network of the dipole field by
change of the texture of the permanent magnet leads to
a design for new high-performance permanent magnets.
In future work, we will perform micromagnetics simula-
tion during the demagnetization process while changing
the shape of the grain, the distribution of �θ , and the
grain-boundary phase to improve the performance of the
permanent magnet.

IV. SUMMARY

We clarify the demagnetized state under zero external
field and the magnetization dynamics during the initial
magnetization process of a hot-deformed permanent mag-
net by performing a large-scale micromagnetics simulation
that consists of 5302 tabular grains. In the demagnetized
state, mazelike domains appear in the xy plane. In contrast,
the magnetization tends to form a columnar structure in
the z direction owing to the dipolar interaction. The maze-
like structure is created by the multidomain structure and
single-domain structures with positive or negative mz that
formed spontaneously owing to the interplay between the
exchange interaction and the dipolar interaction.

Starting from the demagnetized state, we simulate the
magnetization dynamics during the initial magnetization
process by applying an external field. The calculated ini-
tial magnetization curve has the two-step structure that was
observed in experiments. In the first step, the domain walls
in the multidomain grains move to the grain boundaries,
and the number of single-domain grains with positive mz
increases; however, the number of single-domain grains
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with negative mz is constant during the first step. The mag-
netization of individual single-domain grains with negative
mz reverses in the second step

The magnetization reversal within individual grains
enables us to estimate the effects of the domain-wall dis-
placement across the grain boundary on the coercivity of
the permanent magnet. In our simulation, the averaged
switching field of the individual grains is larger than the
coercivity of the simulation model with networks among
the grains. If the effective demagnetization factor of the
grain is unchanged throughout the initial magnetization
and demagnetization processes, the difference between the
coercivities of the former and the latter represents the
effect of the domain-wall motion across the grain boundary
owing to the dipolar interaction.
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