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Neodymium (Nd) magnets (Nd2Fe14B), known as the strongest permanent magnets, are indispensable in
realizing high efficiency in energy conversion devices. To enhance their coercivity at high temperatures, the
Nd component is substituted with dysprosium (Dy) in the commercial products of the magnet. Surface Dy-rich
shells are considered important for enhancing coercivity. However, the underlying microscopic mechanism has
not been studied based on atomistic theories. In this study, first, the features and mechanisms of the enhancement
were studied using an atomistic model of the Nd magnet. Subsequently, the threshold field (coercive force) for
magnetization reversal and the dynamical features at absolute zero and finite temperatures were investigated.
The results show that a change from surface to bulk nucleation occurs when the number of substituted layers
increases and the anisotropy energy of Dy is resistant to temperature increase, which significantly enhances
coercivity, especially at high temperatures.
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I. INTRODUCTION

High-efficiency energy conversion devices have become
central to the efforts to meet increasing energy demands and
realize a low-carbon society, for which high-coercivity perma-
nent magnets are key. The strongest permanent magnets, and
consequently the most suited for such devices, are neodymium
(Nd) magnets, Nd2Fe14B [1–9], which are widely used in ap-
pliances such as electric motors, generators, compressors, and
other electronic devices [10]. Although numerous studies on
higher coercivity at higher temperatures have been undertaken
[11], the origin of coercivity is not well understood.

The Nd magnet comprises grains of hard magnets and grain
boundary regions [12–19], and the properties of the surfaces
of grains significantly affect coercivity because surface nu-
cleation of the hard magnet triggers magnetization reversal
[20]. The coercivity of the Nd magnet is considerably re-
duced at temperatures above room temperature. However, it
is often enhanced by the partial substitution of Nd atoms with
dysprosium (Dy) atoms. It was experimentally demonstrated
that the anisotropy field of the system, (Nd1−xDyx )2Fe14B,
increases with increasing x, leading to an enhancement in the
coercive force. Using the method of grain boundary diffusion
process, the coercivity is enhanced without losing remanence
[21–25]. Consequently, Dy-rich shells are formed between the
grain boundary and core Nd magnet in each grain [25]. The
formation of Dy-rich shells is considered to play an important
role in reinforcing the coercivity.

*Corresponding author: nishino.masamichi@nims.go.jp

Micromagnetics coarse-grained model studies suggested
that a Dy shell enhances coercivity, and magnetization rever-
sal starts at a grain boundary junction without a Dy shell,
while it starts inside a grain with a Dy shell analyzing the
saddle point of total energy [26,27]. However, the microscopic
origin of the coercivity enhancement, especially at high tem-
perature, is not well understood.

Micromagnetic simulations based on continuum magnetic
models with macroscopic magnetic parameters are an ef-
fective method used to analyze magnetization reversals and
estimate coercive force [28]. This method has an advantage
of treating a large system. However, the microscopic details
of crystal structures and magnetic parameters are ignored.
Furthermore, because of coarse graining, the thermal fluctu-
ation effect is difficult to treat. To understand the microscopic
mechanisms of coercivity at finite temperatures, an atom-
istic model approach is necessary. This approach for the Nd
magnet has recently been developed and extensively studied
[17,29–43]. In the modeling, the microscopic details of the
magnetic parameters and lattice structures are realistically
treated, and the temperature effect, including thermal fluctua-
tion, is properly considered [44,45].

Using this approach, not only the qualitative but also
quantitative finite-temperature properties were clarified for
the magnetization [29–32,39] and domain wall profiles
[30,32,33,39,40], spin-reorientation transition [29,30,34],
dipolar-interaction effect [31], ferromagnetic resonance [34],
inhomogeneity effect [17,33,37,38,40,41], coercive force
[35,36], and surface Nd anisotropy effect [43].

In the present study, we show a quantitative estimation
of the coercivity and nucleation dynamics of the Nd magnet
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with Dy substitution by the stochastic Landau-Lifshitz-Gilbert
(SLLG) method [44,45] using an atomistic model of the Nd
magnet, in which the microscopic parameters were primar-
ily taken from first-principles calculations. We examine the
microscopic features and origin of the enhancement of the
coercivity by Dy substitution.

The rest of the paper is organized as follows. In Sec. II, the
model and method are given. In Sec. III A, the threshold field
for magnetization reversal is analyzed, and in Sec. III B, the
dynamical feature of the nucleation in magnetization reversal
is presented, and discussion about the origin of the coercivity
enhancement is given. Section IV is devoted to the summary.

II. MODEL AND METHOD

A. Atomistic Hamiltonian for Nd2Fe14B

The following atomistic Hamiltonian was employed for the
Nd magnet with Dy substitution:

H = −
∑

i< j

2Ji jsi · s j −
Fe∑

i

Di
(
sz

i

)2

+
R∑

i

∑

l,m

�l,iA
m
l,i〈rl〉iÔ

m
l,i − h

∑

i

Sz
i . (1)

Here, Ji j is the exchange interaction between the ith and jth
atoms. Di is the anisotropy constant for the ith Fe atom. The
third term is the crystal electric field (CEF) energy of rare
earth atoms (Nd and Dy), and �l,i, Am

l,i, 〈rl〉i, and Ôm
l,i are

the Stevens factor, coefficient of the spherical harmonics of
the crystalline electric field, average of rl over the radial wave
function, and Stevens operator, respectively. The fourth term
is the Zeeman term, and h is the external magnetic field.
We consider l = 2, 4, 6 and m = 0 (diagonal operators),
which provide the dominant contribution. For Fe and B atoms,
si denotes the magnetic moment at the ith site, but for Nd
and Dy atoms, si is the moment of the valence (5d and 6s)
electrons, which is strongly coupled to the moment of the 4 f
electrons, J i = gTJiμB [Figs. 1(a) and 1(b) for Nd and Dy,
respectively], where gT is the Landé g factor and Ji is the total
angular momentum. Thus the total moment for each rare-earth
atom is Si = si + J i. For Nd atoms, J = L − S = 9/2 and
gT = 8/11, where L is the orbital angular momentum, S is the
spin angular momentum and in Dy atoms, J = L + S = 15/2
and gT = 4/3. For the Fe and B atoms, we define Si = si. It
should be noted that si of a Nd (Dy) atom and Si(= si ) of an
Fe atom are coupled antiferromagnetically, but Si of an Nd
atom and that of an Fe atom are coupled ferromagnetically. In
contrast Si of a Dy atom and that of an Fe atom are coupled
antiferromagnetically [Figs. 1(a) and 1(b)].

Magnetic moments and the exchange interactions (the
range of r = 3.52 Å) were estimated using the Korringa-
Kohn-Rostoker (KKR) first-principles method [42,46].

Figure 2 shows the exchange interactions as a function of
the distance r between Nd and Fe atoms in Nd2Fe14B and
those between Dy and Fe atoms in Dy2Fe14B estimated in
Ref. [47] by the KKR method. Surprisingly the exchange
interactions between Dy and Fe atoms and those between Nd
and Fe were found very close. The values of si were also very
close between the two systems. It is reasonable to consider

that if Nd atoms are substituted by Dy atoms in Nd2Fe14B,
the exchange interactions hardly change. Therefore, the ex-
change couplings in Nd2Fe14B were used when an Nd atom
is substituted by a Dy atom. Di for Fe atoms (six types)
estimated in a first-principles study [48] were adopted, and
for Nd and Dy atoms, Am

l given by Yamada et al. [49] for
R2Fe14B were applied with 〈rl〉 in Ref. [50]. The anisotropy
energy of Dy (and Nd) is expected to hardly change in the
system with substitution, because it is surrounded by Fe atoms
and 4f electrons contribute to the anisotropy, while 5d and 6s
electrons to the exchange interaction.

In our previous studies on Nd2Fe14B [29–31], we obtained
the spin-reorientation transition temperature, TR = 150 K,
which is close to the experimentally estimated temperature
[7–9,49] and the critical temperature TC ∼ 850 K, which is
slightly overestimated in comparison to the experimental val-
ues TC ∼ 600 K [4,7]; thus, we consider the temperature in
the scaled form T/TC.

B. Dy substitution

We studied the threshold field for magnetization reversal
under an external reversed field as a function of the number of
Dy-substituted layers. For this purpose, we focused on the ef-
fect of Dy substitution at the (001) surface of the hard magnet
on the coercivity in two systems (A and B). In system A, the
surface [top (n = 1) and bottom (n = 19)] layers were in con-
tact with vacuum [Fig. 1(c)], whereas in system B, the surface
layers were in contact with a soft magnet (grain boundary)
phase [Fig. 1(d)]. We used an open boundary condition along
the c axis in system A and periodic boundary condition in
system B. The hard (soft) magnet part comprised 12 × 12 × 9
(12 × 12 × 3) unit cells along the a, b, and c axes, respec-
tively. [The size is 10.56 nm × 10.56 nm × 10.971 nm
(10.56 nm × 10.56 nm × 3.657 nm).] In both systems,
periodic boundary conditions were applied along the a and b
axes. The layer of Nd atoms in the hard magnet was numbered
as n = 1, 2, . . . in Figs. 1(c) and 1(d). All Nd atoms from the
first to the nth layer were substituted with Dy atoms.

The grain boundary phase shows several amorphous-like
structures which depend on experimental conditions, and it is
difficult to estimate theoretically microscopic parameters of
the grain boundary phase. First-principles investigations for
the structures have just begun [51,52]. Microscopic magnetic
parameters are not available at this moment. Thus we adopted
the same crystal structure as in the hard magnet phase, but
with smaller magnetic parameters as were used in micromag-
netic simulations for Nd magnets: all exchange interactions
and anisotropy energies were half and one-fifth, respectively,
in the soft magnet phase. The important fact is that it has week
magnetic interactions, and we can capture important features
with this modeling.

C. Dynamical method

We investigated magnetization reversal by applying the
SLLG equation [44,45],

d

dt
Si = − γ

1 + α2
i

Si × heff
i − αiγ(

1 + α2
i

)
Si

Si × [
Si × heff

i

]
,

(2)
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FIG. 1. (a) Magnetic coupling between Nd and Fe atoms. The total moment in an Nd atom and that in an Fe atom are ferromagnetically
coupled. Ex and SOI represent the exchange interaction and spin-orbit interaction, respectively. (b) Magnetic coupling between Dy and Fe
atoms. The total magnetic moment of a Dy atom and that of an Fe atom are antiferromagnetically coupled. (c) System A. The Nd surface
layers were in contact with vacuum. In this example, Nd atoms (red) in the first Nd layer were substituted by Dy atoms (orange). The Nd layers
are numbered as n = 1, 2, . . . (d) System B. The Nd surface layers were in contact with a soft magnet phase.

where γ denotes the electron gyromagnetic ratio and αi is the
damping parameter. The effective field heff

i on the ith spin is
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FIG. 2. Exchange interactions between R and Fe atoms in
R2Fe14B as a function of the distance r. R is Nd or Dy.

described as

heff
i = −∂H

∂Si
+ ξi(t ). (3)

Here, the thermal effect is given by the white Gaussian noise
field, ξi(t ) = (ξ x

i , ξ
y
i , ξ z

i ), which satisfies the following rela-
tions:

〈
ξ

μ
i (t )

〉 = 0,
〈
ξ

μ
i (t )ξν

j (s)
〉 = 2Diδi jδμνδ(t − s). (4)

The temperature T is controlled employing the fluctuation
dissipation relation,

Di = αikBT

γ Si
, (5)

where T is proportional to the amplitude of the noise Di. With
this relation, the system relaxes to a steady state (equilibrium)
given by the canonical distribution at temperature T .

To solve Eq. (2) numerically, we applied a middle-point
method [45] equivalent to the Heun method for numerical
integration with the time step, 	t = 0.1 fs. αi is unknown for
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the Nd magnet, and αi = 0.1 is used [28]. However, this does
not affect the results in the present study because the value of
αi has little effect on the threshold field [36].

Subsequently, we simulated the time evolution of magneti-
zation,

Mz =
∑

i

Si,z, (6)

starting from an all-down-spin state under a given value of
magnetic field h in the c direction and observe the magnetiza-
tion reversal. Here, the time of reversal is defined as the point
at which the magnetization changes its sign. In the absence of
thermal fluctuation at absolute zero, magnetization reversal is
a deterministic process. Thus the value of the magnetic field at
which the potential barrier vanishes gives the threshold field
for magnetization reversal, i.e., the coercive field. At finite
temperatures, however, magnetization reversal occurs in a
stochastic process and jumps over the energy barrier by virtue
of thermal fluctuations. Thus we define the threshold magnetic
field at finite temperatures as follows. Twelve simulations
were performed with different random number sequences at a
given magnetic field value. Then, the number (N) of the case
in which magnetization reversal occurred within a simulation
time tmax was counted. If N = 0, the field is smaller than
the threshold field, whereas if N = 12, the field is larger
than the threshold field. Considering these parameters, we
defined the threshold field as the middle point of the interval
between the upper limit of the field for N = 0 and the lower
limit of the field for N = 12. The error bar for the threshold
field is defined as the interval region of the field. We set
tmax = 0.5 ns (5 × 106 time steps).

Generally, the threshold field depends on the simulation
time. In experiments, the coercivity is a phenomenon of the
order of 1 s. However, this is not practical for real-time simula-
tions. Considering that the dependence of the reversal time on
the external field around the threshold field is extremely steep,
i.e., the reversal time increases exponentially, the estimated
threshold fields in this study provide approximate coercive
fields. In fact, in our previous paper [36], we estimated that the
threshold field for 1 s is approximately 25% less than that of
the simulation for 0.5 ns in an Nd magnet system of a similar
size.

III. RESULTS

A. Effect of Dy substitution on the threshold field

Figures 3(a)–3(d) show the layer number (n) depen-
dence of the threshold field (orange lines) in system A
at T = 0, 0.34TC, 0.46TC, and 0.69TC, respectively. Here,
0.46TC is close to room temperature, 0.46TC � Troom. n =
0 is defined as the case devoid of substitution with Dy
atoms, i.e., the original Nd magnet. The value (percent-
age) for each symbol in the figures denotes the ratio of
the threshold field to that for n = 0. As reference data, the n
dependence of the threshold field (green lines) at each temper-
ature for the system is plotted, in which the anisotropy energy
of the surface Nd atoms is doubly reinforced (CEF energy is
doubled), as studied in Ref. [43].

We observed that the threshold field increased with n at
all temperatures (orange lines), and Dy substitution enhanced
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FIG. 3. n dependence of the threshold filed (red lines) in system

A at (a) 0 K, (b) 0.34TC, (c) 0.46TC, and (d) 0.69TC, compared to
the threshold filed (green lines) for surface Nd atoms with doubly
reinforced anisotropy [43].

the threshold field. Compared to the threshold fields at zero
temperature, those at finite temperatures were significantly
reduced, and the thermal effect essentially affected the coer-
civity. The increment ratios of the threshold field as a function
of n at finite temperatures were considerably larger than those
at zero temperature. Dy substitution had only a marginal ef-
fect on the coercivity at zero temperature, whereas it had a
relatively large effect at finite temperatures. This tendency is
similar to that observed in the system with doubly reinforced
anisotropy for surface Nd atoms in a previous study [43].
This indicates that the effect of surface modification with Dy
substitution is insignificant at zero temperature because of the
Stoner-Wohlfarth mechanism, i.e., simultaneous rotation of all
magnetic moments. In contrast this effect is important at finite
temperatures because the nucleation mechanism is significant.

We determined that the threshold fields at finite temper-
atures increased almost linearly with n, and the threshold
field at each n was considerably larger than that in the refer-
ence system with doubly reinforced anisotropy energy (green
lines) in surface Nd atoms. This indicates that Dy substitution
strongly enhances the coercivity.

We also discovered that the increment ratio of the threshold
field with n was lower at higher temperatures because the ther-
mal fluctuation smears the enhancement effect. However, the
enhancement effect of Dy substitution is strong, particularly
at high temperatures. This is confirmed by the following ob-
servation: in the reference system with surface Nd atoms with
doubly reinforced anisotropy, the increment ratios for n = 5
were 123%, 121%, and 111% at 0.34TC, 0.46TC, and 0.69TC,
respectively. In contrast, in the system with Dy substitution,
the ratios were 144%, 140%, and 132%, respectively, which
exhibited lower reductions in the ratio at high temperatures.
This distinctly indicates that Dy substitution suppresses the
decrease in coercivity due to thermal fluctuation.
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FIG. 4. n dependence of the threshold filed (solid lines) in system
B at (a) 0 K, (b) 0.34TC, (c) 0.46TC, and (d) 0.69TC. Those in system
A (dotted lines) are also plotted for comparison.

Figures 4(a)–4(d) depict n dependence of the threshold
field (solid lines) in system B at T = 0, 0.34TC, 0.46TC,
and 0.69TC, respectively, in comparison to the corresponding
threshold field in system A (dotted lines). The value (per-
centage) for each symbol in the Figs. denotes the ratio of
the threshold field to that for n = 0. Here, we observed that
the grain boundary phase (soft magnet) significantly affected
the coercivity and reduced it, except in case (d) at T = 0.69TC.
Owing to the small anisotropy energies and exchange interac-
tions in the grain boundary phase, prior to the magnetization
reversal of the hard magnet phase, the moments in the grain
boundary phase are reversed, and a domain wall is generated
around the interface between the soft and hard magnets. When
this domain wall propagates to the hard magnet phase, surface
nucleation occurs in the grain, thereby leading to magneti-

zation reversal. This process occurs more easily than surface
nucleation in system A.

However, we found that Dy substitution enhanced the co-
ercivity more intensely in system B than in system A. For
example, at 0.46TC � Troom, one-layer Dy substitution (n = 1)
had almost no effect (103%) on the threshold field in system
A, while it had an effect (116%) in system B. Moreover, the
increment ratios for all n in system B were larger than those
in system A. This tendency was observed at all temperatures.
This indicates that Dy substitution is effective for the suppres-
sion of domain wall propagation to the grain phase, and it has
a strong effect of the domain wall pinning.

At 0.69TC, the soft magnet phase is paramagnetic owing to
the half strength of the exchange interaction, and the moments
in the hard magnet phase fluctuate owing to the high temper-
ature. Thus the effect of the soft magnet phase is insignificant
for the surface nucleation in the hard magnet, i.e., magnetiza-
tion reversal, leading to similar dependence between systems
A and B. At zero temperature, Dy substitution had only a
marginal effect on the coercivity in system A. In contrast,
in system B, the increase of the coercivity with n is signif-
icant, and the Dy layers resist the domain wall propagation
efficiently.

Finally, we determined that the threshold fields at finite
temperatures increased almost linearly with n, and the slope
of the increment of the threshold field for all temperatures
in system B was nearly identical to that in system A. Fur-
thermore, it can be concluded that Dy substitution enhances
the coercive force by a ratio proportional to the number of
substituted layers.

B. Nucleation feature

To investigate the microscopic mechanism of coercivity
enhancement by Dy substitution, we analyzed the dynamical
features of the nucleation in the magnetization reversal at
0.46TC � Troom. Figures 5(a) and 5(b) exhibit snapshots of the
spin configuration in nucleation for n = 1 and 5 at threshold
fields h = 4.65 and 6.30 T, respectively, in system A (see also
animation_An1 and animation_An5 for detailed features in
Ref. [53]). Here, the red and blue parts indicate the up-spin

(a)

(b)

FIG. 5. Snapshots of the spin configuration in nucleation for (a) n = 1 and (b) 5 at the threshold fields h = 4.65 and 6.30 T, respectively,
at 0.46TC � Troom in system A. Red and blue parts denote up-spin and down-spin ones.
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(a)

(b)

n=1

n=5

(c)

FIG. 6. Snapshots of the spin configuration in nucleation for (a) n = 1 and (b) 5 at the threshold fields h = 3.70 and 5.05 T, respectively,
at 0.46TC � Troom in system B. The yellow-boxed regions correspond to the soft magnet phase. (c) Ratios of surface and bulk nucleation as
functions of n in systems A and B at 0.46TC � Troom.

state and down-spin state, respectively. In the case of n = 1,
nucleation occurs from the surface and the domain rapidly
grows in the direction of the a or b axis, and then proceeds in
the direction of the c axis. In contrast to this feature, we found
that in Fig. 5(b), the nucleation pattern radiates outwards from
inside the system for n = 5.

Figures 6(a) and 6(b) depict snapshots of the spin config-
uration in nucleation for n = 1 and n = 5 at the threshold
fields h = 3.70 and 5.05 T, respectively, in system B (see
also animation_Bn1 and animation_Bn5 for detailed features
in Ref. [53]). Prior to nucleation in the hard magnet phase, a
large part of the magnetic moments in the soft magnet phase
was reversed, and a domain wall was generated around the
interface. We discovered that for n = 1, nucleation occurs
at the interface, and surface nucleation occurs in the hard
magnet phase. However, as shown in Fig. 6(b), for n = 5,
nucleation is initiated on the inside of the hard magnet. Thus

it can be concluded that if n is sufficiently large, the nu-
cleation mechanism changes from surface nucleation to bulk
nucleation.

In addition, we investigated the critical value of n to dis-
tinguish between surface and bulk nucleation. Figure 6(c)
presents the ratios between the surface and bulk nucleation
at the threshold fields as functions of n in systems A and B
at 0.46TC � Troom. We observed the numbers of surface and
bulk nucleation in six samples of reversal for each system and
estimated the ratios.

We also established that in case A, for n � 1, surface nucle-
ation occurs, n = 2 is critical, and for n � 3, bulk nucleation
occurs. In contrast, in case B, for n � 2, surface nucleation oc-
curs, n = 3 is critical, and for n � 4, bulk nucleation occurs.
This indicates that the domain wall helps surface nucleation
in the grain, and a larger n is needed for bulk nucleation in
case B.
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FIG. 7. (a) Crystal electric field energy for a Nd atom as a function of θ at zero and finite temperatures. (b) Crystal electric field energy for
a Dy atom as a function of θ at zero and finite temperatures.

Subsequently, we considered the origin of the strong en-
hancement effect of Dy substitution. The magnetic coupling
between the moments of Nd and Fe atoms is ferromag-
netic, whereas that between Dy and Fe is antiferromagnetic
[Figs. 1(a) and 1(b)]. This antiferromagnetic coupling stabi-
lizes the moments of Dy atoms and the nucleation in this
region is suppressed.

Another important component is the property of magnetic
anisotropy, i.e., the CEF energy,

HCEF =
∑

l,m

Bm
l Ôm

l , (7)

where Bm
l = �lAm

l 〈rl〉. The Stevens operator, Ôm
l , is a func-

tion of the z component of J, that is, Jz. At finite temperatures,
the moment Jz shrinks due to the thermal fluctuation as Jz =
CJ cos θ with 0 < C < 1. The coefficient C is estimated to be
C � 0.83, 0.76, and 0.62 at T = 0.34Tc, 0.46Tc, and 0.69Tc,
respectively, in the bulk of Nd2Fe14B from the temperature
dependence of the magnetization in our previous study [30].
Substituting Jz = CJ cos θ into Eq. (7) for an Nd atom, we ob-
tain the temperature dependence of the effective CEF energy
for an Nd atom, as shown in Fig. 7(a). The CEF energy has a
minimum at θ � 0.2π at 0 K but θ = 0 at finite temperatures,
which is the origin of the spin-reorientation (SR) transition.
Because it is difficult to estimate how much Jz is reduced in a
Dy atom in systems with Dy substitution, we assume that the
same ratio is reduced in Dy atoms in the systems. Substituting
Jz = CJ cos θ into Eq. (7) for a Dy atom with the same ratios
as the Nd atom, we illustrate the temperature dependence of
the CEF energy in Fig. 7(b).

Furthermore, we determined that the CEF energy has a
minimum at θ = 0 regardless of temperature, and a consid-
erably higher potential barrier than that of the Nd atom for
all temperatures. Thus we conclude that this difference causes
an enhancement of the coercivity with Dy substitution. In
addition, we noticed that the difference in the potential barrier
between Nd and Dy atoms is relatively larger at 0.69TC than
at 0.46TC. This can be inferred from the observation that the
energy barrier of a Dy atom is 27% higher than that of a
Nd atom at 0.46TC, whereas it is 79% higher at 0.69TC. This

indicates that Dy substitution is more effective at temperatures
higher than room temperature.

IV. SUMMARY

We studied the microscopic origin of the coercivity en-
hancement by Dy substitution. We examined quantitative
dependence of the coercivity enhancement on Dy substitution
applying the atomistic model to two systems: system A, which
was in contact with vacuum and system B, which was in
contact with the soft magnet phase.

We discovered that the effect of Dy substitution at finite
temperatures is considerably stronger than that at absolute
zero, where the underlying mechanism of magnetization re-
versal is the Stoner-Wohlfarth mechanism, whereas at finite
temperatures it is the nucleation mechanism. We demon-
strated that Dy substitution significantly enhances coercivity,
and this effect is considerably larger than that of doubly rein-
forced anisotropy energy for surface Nd atoms, especially at
temperatures higher than room temperature.

Furthermore, we established that the enhancement ratio
of the threshold field by Dy substitution is nearly propor-
tional to the number of substituted layers in both systems
A and B at finite temperatures, and that the grain bound-
ary phase (soft magnet) significantly reduces the coercivity.
However, Dy substitution is found to be more effective in
system B, which indicates that Dy substitution effectively
suppresses the propagation of a domain wall into the grain
phase.

In addition, we clarified that when the number of sub-
stituted layers increases, the nucleation mechanism changes,
thereby causing coercivity enhancement. We first demon-
strated it explicitly showing nucleation dynamics (time-
dependent dynamics). The surface nucleation is suppressed
by increasing the number (n) of the substituted layers, and at
a critical n, the crossover between surface and bulk nucleation
occurs. To be precise, for n > nc, bulk nucleation occurs. It is
noteworthy, however, that the critical value of nc in system B
was larger than that in system A.

The coercivity enhancement by Dy substitution is con-
sidered to originate primarily from two sources. One is the
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antiferromagnetic coupling between the moments of Dy and
Fe atoms, which increases the stability of the surface state
against the external reversed field. The other is the feature
of the CEF energy of a Dy atom. The minimum CEF en-
ergy of a Dy atom is located at θ = 0 at all temperatures,
whereas that of an Nd atom is located at θ � 0.2π at 0 K
and at θ = 0 at finite temperatures above the SR transition
temperature. Furthermore, the potential barrier for a Dy atom
is higher than that for an Nd atom, especially at high tem-
peratures. This explains the effectiveness of Dy substitution
for high-temperature usage of Nd magnets in commercial
products.

We performed Dy substitution for all Nd atoms up to the
nth Nd layers. In experimental situations, some spatial distri-
butions of substituted Dy atoms may exist and the percentage
of Dy substitution may depend on the depth of the Nd layer,
which remain unclarified. However, if the spatial distribution
information is experimentally clarified in the future, it can be
introduced into our model. This would enable an analysis of
the relationship between the Dy distribution and coercivity
enhancement that is more quantitative.

The present study is the first to show the features and
mechanisms of the coercivity enhancement in the Nd magnet
by Dy substitution based on the atomistic viewpoint, which
may provide useful information for trials toward enhancement
of the coercivity of permanent magnets.
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