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ABSTRACT

Neodymium (Nd) magnets (Nd2Fe14B) are key materials for achieving high energy conversion efficiency. The coercive forces (fields) of the
magnets are often reinforced by adding dysprosium (Dy), especially at high temperatures. To understand the magnetic properties of Dy-sub-
stituted systems (Nd1�xDyx)2Fe14B, it is important to study those of Dy2Fe14B and Nd2Fe14B and analyze the difference in detail from a
microscopic viewpoint. Applying a recently developed atomistic model approach, we investigated thermodynamic properties of these
magnets. We studied the temperature and field dependences of the magnetizations, and anisotropy fields and energies. We found that the
simulation results captured the characteristic features of the experimentally observed data. We discuss the detail with the magnetization pro-
files of the component atoms. Furthermore, we investigated the effect of Dy random substitution on the coercivity in two systems: one in
contact with vacuum and the other in contact with a grain boundary phase. We found that the threshold fields increased almost linearly
with the concentration of Dy atoms in both systems, which was compared to the results of the layer-by-layer substitution effect analyzed in
our previous work. We discuss the influence of the arrangement of Dy atoms on coercivity enhancement.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0217917

I. INTRODUCTION

Control of the coercivity of permanent magnets and realiza-
tion of higher coercivity at higher temperatures is an important
issue for achieving high energy conversion efficiency. Coercivity is
a nonequilibrium property that depends on various factors such as
grain boundary properties.1–9 Therefore, understanding the mecha-
nism of coercivity remains challenging.

Neodymium (Nd) magnets (Nd2Fe14B
10–19), known as power-

ful permanent magnets with high coercivity, are key materials for
achieving high energy conversion efficiency. They are used in
motors, generators, electrical appliances, and other applications.20

The use of Nd magnets is expected to increase in the future, partly

because of the growing demand for electric vehicle (EV) motors.
Studies on the coercivity mechanism of Nd magnets and attempts
to achieve higher coercivity at higher temperatures have become
increasingly significant.

Neodymium magnets have a problem with coercivity at high
temperatures, and the coercivity of the magnets is often reinforced
by adding dysprosium (Dy). The formation of Dy-rich shells,
(Nd1�xDyx)2Fe14B, is considered important for the reinforcement
of the coercivity. Experiments using the grain boundary diffusion
method have shown that the coercivity increases without losing
remanence,21–25 and the formation of a Dy-rich shell between the
grain boundary and core grain has been observed.25 The coercivity
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enhancement effect of the Dy-rich shell was also pointed out in
coarse-grained micromagnetics model studies with macroscopic
parameters of the Dy-substituted phase.26,27

Micromagnetics continuum modeling of permanent magnets
has been applied to the analysis of magnetic properties.28 This
method has the advantage of being able to treat large systems and
has had some success in analyzing qualitative aspects of magnetiza-
tion reversals. However, because of the coarse graining and applica-
tion of macroscopic magnetic parameters, the microscopic details
of crystal structures and magnetic parameters are ignored. In addi-
tion, as investigated in Ref. 29, it is difficult, in principle, to treat
accurately temperature effects and thermal fluctuations in coarse-
grained continuum modeling.

The temperature effects of R2Fe14B have been studied by the
mean-field approximation,30,31 but the mean-field approximation
neglects thermal fluctuations. Thus, it is not sufficient to study
accurate thermodynamic properties and often leads to serious mis-
interpretation. For example, in the S ¼ 1 simple Heisenberg model
with the magnetic interaction J on a simple cubic lattice (six
nearest neighbors), the mean-field theory leads to the critical tem-
perature (2J) around 40% higher than the exact value (1:44J)
obtained by treating the fluctuations.32

To study the microscopic details of magnetic properties at
finite temperatures, recently developed atomistic models are indis-
pensable. In atomistic modeling, microscopic magnetic parameters,
which reflect the lattice structure (Fig. 1), thermal fluctuations, and
dynamics to realize the thermal equilibrium33,34 can be treated
appropriately. Atomistic model studies have elucidated the qualita-
tive and quantitative properties of Nd magnets at zero and finite
temperatures.7,35–52

Using an atomistic model approach, we recently studied the
coercivity enhancement by Dy substitution into Nd magnets.50 We
found that the crystal electric field (CEF) energy barrier of Dy
atoms was more resistant to temperature increase, which is consid-
ered to be an origin of the coercivity enhancement by Dy substitu-
tion, in addition to the difference in the magnetic interaction
between rare-earth and iron atoms, that is, antiferromagnetic

coupling between Dy and Fe moments while ferromagnetic cou-
pling between Nd and Fe moments. We also found that an increase
in the number of Dy-substituted layers (100% replacement of Nd
by Dy) enhanced the coercivity, and the coercivity increase was
nearly proportional to the number of substituted layers.

It is important to study Dy2Fe14B and Nd2Fe14B in detail and
make clear the difference in magnetic properties by the atomistic
model approaches toward a full understanding of the coercivity
enhancement mechanism. So far, Nd2Fe14B has been studied using
atomistic models,7,35–50,52 but Dy2Fe14B has not been studied yet.
In the present paper, we investigated for the first time the thermo-
dynamic properties of Dy2Fe14B using an atomistic model
approach and compared them with those of Nd2Fe14B. We found a
satisfactory agreement with experimental observations. We dis-
cussed the detailed features of these magnets.

Second, we studied the Dy substitution effect. In our previous
study (Ref. 50), we investigated the effect of Dy layer-by-layer sub-
stitution on the coercivity. In the present paper, we analyzed the
effect of Dy random substitution on magnetization reversal in neo-
dymium permanent magnets and compared the results with those
of the previous study.

The rest of the paper is organized as follows. In Sec. II, the
atomistic model is presented. In Sec. III, the methods for investigat-
ing static and dynamical properties are explained. In Sec. IV A,
thermodynamic properties of R2Fe14B (R=Dy, Nd) are studied.
In Sec. IV B, the effect of Dy random substitution on magnetiza-
tion reversal in neodymium permanent magnets is investigated.
Section V is devoted to summary.

II. MODEL

The following atomistic Hamiltonian was adopted:

H ¼ �
X
i,j

2Jijsi � sj �
XFe
i

Di(s
z
i )

2

þ
XR
i

X
l,m

Θl,iA
m
l,ihrliiÔm

l,i � hx
X
i

Sxi � hz
X
i

Szi : (1)

The first term denotes the exchange interaction Jij between the ith
and jth atoms (spins). The second term refers to the anisotropy
energy of Fe atoms, and Di is the anisotropy constant for the ith Fe
atom. The third term represents the crystal electric field (CEF)
energy of rare-earth atoms (Nd and/or Dy). The origin of this term
is the electrostatic interaction between f electrons of rare-earth
atoms and surrounding ions. This term plays an important role in
magnetic properties of rare-earth magnets.53 Here, Θl,i, Am

l,i , hrlii,
and Ôm

l,i are the Stevens factor, coefficient of the spherical harmon-
ics of the crystalline electric field, an average of rl over the radial
wave function, and Stevens operator, respectively. In the fourth and
fifth terms, hx and hz are the external fields applied in the x and z
directions parallel to the a and c axes, respectively. We consider
l ¼ 2, 4, 6 and m ¼ 0 (diagonal operators), which have the domi-
nant contribution.

For Fe and B atoms, si denotes the magnetic moment at
the ith site, while for Nd and Dy atoms, it is the moment of the
valence (5d and 6s) electrons and is strongly coupled to the

FIG. 1. (a) Side view and (b) top view of the unit cell of R2Fe14B. R denotes a
rare-earth atom (Nd or Dy). In Nd2Fe14B, la ¼ lb ¼ 8:80 Å, and lc ¼ 12:20 Å.
In Dy2Fe14B, la ¼ lb ¼ 8:76 Å, and lc ¼ 12:01 Å.
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moment of the 4f electrons, J i ¼ gTJ iμB, where gT is the Landé
g-factor and J i is the total angular momentum. Thus, the total
moment of a rare-earth atom is Si ¼ si þJ i. For Nd atoms,
J ¼ L� S ¼ 9=2 and gT ¼ 8=11, where L is the orbital
angular momentum and S is the spin angular momentum, while
for Dy atoms, J ¼ Lþ S ¼ 15=2 and gT ¼ 4=3. For the Fe and B
atoms, we define Si ¼ si. As shown in Ref. 50, si of a Nd (Dy) atom
and Si( ¼ si) of an Fe atom are coupled antiferromagnetically, but
Si of a Nd atom and that of an Fe atom are coupled ferromagneti-
cally. In contrast, Si of a Dy atom and that of an Fe atom are
coupled antiferromagnetically. Following the previous paper,50 we
used the exchange interactions and magnetic moments estimated
using the Korringa–Kohn–Rostoker (KKR) first-principles method,
anisotropy constants for Fe atoms (six types) provided by Ref. 54,
and Am

l provided by Yamada et al.55 for Nd and Dy atoms in
R2Fe14B with hrli estimated by Ref. 56.

The lattice constants are close between Nd2Fe14B and
Dy2Fe14B, and as we reported in Ref. 50, the exchange interactions
estimated by the KKR first-principles computation between Nd and
Fe in Nd2Fe14B and those between Dy and Fe in Dy2Fe14B were
very close. This suggests that the effect of the local distortions pro-
duced by Dy substitution is small, and we do not consider this
effect in Dy substitution.

III. METHOD

A. Thermodynamical properties

We used a Metropolis importance-sampling Monte Carlo
(MC) method to study equilibrium magnetizations at finite temper-
atures. The per-site magnetizations Mz , Mx , M, and Mxy for the
R2Fe14B model were defined as

Mz(R2Fe14B) ¼ 1
N

XN
i¼1

Szi

�����
�����

* +
, (2)

Mx(R2Fe14B) ¼ 1
N

XN
i¼1

Sxi

�����
�����

* +
, (3)

M(R2Fe14B) (4)

¼ 1
N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

Sxi

 !2

þ
XN
i¼1

Syi

 !2

þ
XN
i¼1

Szi

 !2
vuut* +

, (5)

and

Mxy(R2Fe14B) ¼ 1
N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

Sxi

 !2

þ
XN
i¼1

Syi

 !2
vuut* +

, (6)

respectively. Here, N is the number of all atoms (all spins) in the
R2Fe14B model and hi denotes thermal average.

We also define the atom-specified (per-site) magnetizations
for each atom species: R and Fe, (We computed the magnetization

of boron (B) atoms, but the contribution was negligible.)

mz(A) ¼ 1
NA

XNA

i¼1

Szi

�����
�����

* +
� sgn

XNA

i¼1

Szi

 !
, (7)

mx(A) ¼ 1
NA

XNA

i¼1

Sxi

�����
�����

* +
� sgn

XNA

i¼1

Sxi

 !
, (8)

mxy(A) ¼ 1
NA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNA

i¼1

Sxi

 !2

þ
XNA

i¼1

Syi

 !2
vuut* +

, (9)

m(A) ¼ 1
NA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNA

i¼1

Sxi

 !2

þ
XNA

i¼1

Syi

 !2

þ
XNA

i¼1

Szi

 !2
vuut* +

, (10)

where A denotes R or Fe and NA is the number of atom A in the
R2Fe14B model.

We performed 200 000 Monte Carlo steps (MCSs) for equili-
bration and the following 400 000 MCSs for measurement for a
system of 6� 6� 6 unit cells with periodic boundary conditions.

B. Dynamical properties

To study the threshold values of the field for magnetization
reversal in Dy-substituted Nd magnet systems, we applied the sLLG
equation33,34

d
dt

Si ¼ � γ

1þ α2
i
Si � heffi � αiγ

(1þ α2
i )Si

Si �
h
Si � heffi

i
: (11)

Here, γ is the electron gyromagnetic ratio and αi is the damping
factor.

At finite temperatures, magnetization reversal is a barrier-
crossing process by virtue of thermal fluctuations, which occurs in
a stochastic process. To treat the thermal effect, a noise field was
introduced into the effective field on the ith as

heffi ¼ � @H
@Si

þ ξiðtÞ: (12)

Here, ξi(t) ¼ (ξxi , ξ
y
i , ξ

z
i ) is the white Gaussian noise field, which

has the following properties:

hξμi (t)i ¼ 0, hξμi (t)ξνj (s)i ¼ 2Diδijδμνδ(t � s): (13)

Temperature T is described by the following relation (fluctuation–
dissipation relation):

Di ¼ αikBT
γSi

: (14)

We applied a kind of middle-point method34 equivalent to the
Heun method33 for the numerical integration of the equation in

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 136, 033904 (2024); doi: 10.1063/5.0217917 136, 033904-3

© Author(s) 2024

 19 July 2024 00:02:16

https://pubs.aip.org/aip/jap


the Stratonovich interpretation. We set the time step to Δt ¼ 0:1 fs
and αi ¼ 0:1.49

Under a reversed field parallel to the z (c) direction (hz = 0
and hx ¼ 0), we observed the time evolution of the magnetization

~Mz ¼
X
i

Szi (15)

starting from an all-down-spin state. According to the previous
study,49 the threshold magnetic field was determined as follows.
For a given value of hz , we performed twelve simulations using dif-
ferent random number sequences to generate the noise field. We
counted the number (Ns) of samples (simulations) in which mag-
netization reversal occurred. The threshold field was then defined
as the middle point of the interval between the upper limit of the
field for Ns ¼ 0 and the lower limit of the field for Ns ¼ 12. The
error bars in the threshold field represent the interval region of the
field. We set tmax ¼ 0:5 ns (5� 106 time steps).

In experiments, a coercive field is often defined as a field in
which the metastable magnetic state has a lifetime of 1s, i.e., relaxa-
tion time of 1s. However, this is not practical for real-time simula-
tions. Because the reversal time increases exponentially around the
threshold field, the threshold fields estimated in this study provide
approximate coercive fields.42

IV. RESULTS

A. Differences in thermodynamic properties between
R2Fe14B magnets (R=Nd, Dy)

In Fig. 2, the temperature dependences of Mz , M, and Mxy

under zero field for Dy2Fe14B are compared with those of
Nd2Fe14B. We found that the critical temperature Tc of Dy2Fe14B
was almost the same as that of Nd2Fe14B (Tc ≃ 870K). This is pri-
marily because the values of Jij were similar for the two magnets as
shown in Ref. 50. The simulated critical temperatures (Tc) of the
magnets were a little overestimated compared to the experimental

values (≃ 600K).13,15,16 We use the temperature in the scaled form
T=Tc for comparison with experimental data.

The temperature dependences of the magnetizations in
Dy2Fe14B captured the characteristic features of the experimentally
observed ones.15,16 When the temperature was reduced,
Mz(Dy2Fe14B) increased from Tc and reached the maximum value
of Mz ≃ 0:87 μB at T ≃ 0:58Tc (experimentally, Mz ≃ 0:85 μB at
T ≃ 0:66Tc) and decreased gradually to 0 K. Mz ≃ 0:59 μB per site
at 0 K was an approximation of the experimental estimate
Mz ≃ 0:66 μB at 4.2 K.16

Nd2Fe14B exhibited a spin-reorientation transition at
TR ≃ 150K in experiments.16–18,55 It was simulated accurately,
yielding 2:0 μB/site at TR ≃ 150K, which was close to an experimental
value of, 2:1 μB/site at T ¼ TR.

16 Dy2Fe14B did not exhibit spin-
reorientation transition and a smooth curve in Mz , owing to the
anisotropy energy parallel to the c-direction at all temperatures.50

We examined the detailed features of magnetizations in each
component of the magnets. In Fig. 3, the temperature dependences
of mz(Dy) and mxy(Dy) under zero field for Dy2Fe14B are com-
pared to those of mz(Nd) and mxy(Nd) for Nd2Fe14B. In Fig. 4, the
temperature dependences of mz(Fe) and mxy(Fe) in Dy2Fe14B are
compared to those in Nd2Fe14B. The total magnetic moments of
Nd and Fe atoms were ferromagnetically coupled but those of Dy
and Fe atoms were antiferromagnetically coupled (Fig. 1 in
Ref. 50). Thus, mz(Dy) increased in the negative direction with a
large magnitude blow Tc. As the temperature was lowered, the
mz(Dy) curve exhibited a pattern of first concaving downward,
then upwards, and finally downward again, culminating at
mz ≃ �10:4, μB at 0 K. However, mz(Nd) increased in the positive
direction, and the growth decreased below the spin-reorientation
transition (T ≃ 150K) and reached mz ≃ 2:3 μB at 0 K. mz(Fe) and
mxy(Fe) were almost the same for the two magnets, except
T , TR ≃ 150K. mz(Fe) and mxy(Fe) in Nd2Fe14B exhibited a
large reduction and increment, respectively, below T ≃ 150K, and
this dependence was reflected in total magnetizations Mz and Mxy

in Nd2Fe14B. The contributions of the increasing function of T ,

FIG. 2. Temperature dependences of Mz , M, and Mxy at the zero field for
Dy2Fe14B and Nd2Fe14B.

FIG. 3. Temperature dependences of mz(Dy) and mxy (Dy) in Dy2Fe14B, and
mz(Nd) and mxy (Nd) in Nd2Fe14B at the zero field.
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that is, mz(Dy), and the decreasing function of T , that is, mz(Fe),
exhibited Mz in Dy2Fe14B with a peak around T ¼ 0:58Tc.

Subsequently, we studied the field dependences of the magne-
tizations in Dy2Fe14B and Nd2Fe14B. We focused on the magnetiza-
tions at the temperature T ¼ 0:46Tc, close to room temperature. In
Figs. 5(a) and 5(b), we depict hx and hz dependences of Mx , Mz ,
and M in Dy2Fe14B and Nd2Fe14B, respectively. In Dy2Fe14B, Mx

increased linearly up to hx ≃ 18:0 T. Around hx ≃ 18:0 T, the rate
of increase of Mx changed and became slowly for hx . 18:0T,
while Mz decreased showing a upward convex curve to
hx ≃ 21:0T.

In the experiments,15,16 Mz vs hz and Mx vs hx were observed
less than 1.5 T (up to around 1.0 T), and the field of a crossing
point of extensions of these lines was determined as the anisotropy
field of Dy2Fe14B, which was hA ≃ 15:0T at room temperature
(300 K). There Mz was almost saturated for hz , 1:5 T and
considered to be a saturated magnetization, i.e., Mz ¼ Msat

¼ 0:824 μB/site. In the simulation, Mz gradually increases for hz
[Fig. 5(a)]. However, we adopted the same procedure as the experi-
ments to estimate hA in the simulation. The saturated Mz was
determined as Mz ¼ 0:85 μB=site at hz ¼ 1:0 T, and hA was esti-
mated as the field of the crossing point of the line of Mx vs hx and
line of Mz ¼ 0:85 μB=site. Then we found hA ≃ 15:0 T which cor-
responds to the experimental estimation. We give a discussion
about an alternative estimation later.

On the other hand, hA is clearly determined in Nd2Fe14B in
the same way as the experiment.15,16 In Fig. 5(b), Mz was almost
constant and Mx increased linearly up to hx ≃ 6:0T, above which
Mx remained constant (fully saturated). This is in agreement with
experimentally estimated values, hA ≃ 6:7 T15,16 at room tempera-
ture (300 K).

It was observed that the simulation approximately reproduced
the field dependencies of the magnetizations in both Dy2Fe14B and
Nd2Fe14B, and that Dy2Fe14B had a much larger anisotropy field
than Nd2Fe14B.

In this study, we estimated the anisotropy energy K1 using the
following relation:

K1 ¼ 1
2
hAMsat, (16)

where Msat is the saturation magnetization. In the experiments,16

Msat ¼ 0:824 μB/site and hA ≃ 15:0 T at room temperature (300 K)
yielded K1 ≃ 4:22MJ=m3. In the simulation, we used Msat ¼ Mz at
hz ¼ 1:0 T, i.e., Msat ¼ Mz ¼ 0:85 μB/site, and thus we obtained
K1 ≃ 4:35MJ=m3 with hA ¼ 15:0T. We found that the obtained
K1 corresponds to the experimental K1. However, considering that
Mx as a function of hx and Mz as a function of hz gradually
increase at larger fields, it is difficult to estimate K1 precisely. We
discuss this point later.

In contrast, in Nd2Fe14B, Mx increased linearly up to
hx ≃ 6:0 T, above which Mx became saturated. We considered

FIG. 4. Temperature dependences of mz(Fe) and mxy (Fe) in Dy2Fe14B, and
mz(Fe) and mxy (Fe) in Nd2Fe14B at the zero field.

FIG. 5. hx and hz dependences of Mx , Mz , and M in (a) Dy2Fe14B and (b)
Nd2Fe14B. T ¼ 0:46Tc.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 136, 033904 (2024); doi: 10.1063/5.0217917 136, 033904-5

© Author(s) 2024

 19 July 2024 00:02:16

https://pubs.aip.org/aip/jap


Mz ¼ 1:65 μB=site at hz ¼ 1:0T as Msat. Using hA ¼ 6:0T, we
obtained K1 ¼ 3:31MJ=m3. In the experiments, Msat ¼ 1:91 μB=site
and hA ¼ 6:7T were estimated at room temperature (300 K),16

which yielded K1 ≃ 4:27MJ=m3. The estimated hA, Msat, and hA are
summarized in Table I.

To investigate the field dependences of the magnetizations of
the constituent atoms, we give in Figs. 6(a) and 6(b), hx depen-
dences of mz(Dy), mx(Dy), and m(Dy) for low and high fields,
respectively. In Fig. 6(c), we show hx dependences of mz(Fe),
mx(Fe), and m(Fe) on Dy2Fe14B.

We also present in Figs. 7(a) and 7(b), hx dependences of
mz(Nd), mx(Nd), and m(Nd) and hx dependences of mz(Fe),
mx(Fe), and m(Fe) on Nd2Fe14B, respectively. Magnetization
mx(Dy) increased in the negative direction up to hx ¼ 18T at a
constant rate and then reduced above hx ¼ 18T at a slower rate.
Magnetization mx(Dy) became zero around hx ¼ 98 T and
increased linearly in the positive direction at larger fields. It is
worth noting that m(Dy) decreased the upward convexity to
hx ¼ 18 T, then linearly to hx ¼ 98T, reached m(Dy)≃ 0 at
hx ¼ 98 T, and increased linearly above hx ¼ 98T. This indicates
that a paramagnetic-like state of the Dy moments was realized
around hx ¼ 98T. With respect to the Fe moment, mx(Fe)
increased linearly and mz(Fe) decreased with an upward convex
curve up to 18 T, above which mx(Fe) became saturated. On the
other hand, mx(Nd) and mx(Fe) in Nd2Fe14B increased linearly up
to hx ¼ 6:0 T and became saturated around Mx ≃ M ≃ 1:25 μB/site
and Mx ≃ M ≃ 1:83 μB/site, respectively. From zero to 6:0T,
m(Nd) was slightly reduced, whereas m(Fe) remained constant. In
Figs. 8(a) and 8(b), we depict alignments of the (averaged)
moments of the Dy and Fe atoms in Dy2Fe14B and those of the Nd
and Fe atoms in Nd2Fe14B, respectively, as functions of hx .

We noticed that the Dy and Fe moments did not yet become
antiparallel and parallel, respectively, to the x-axis at hx ¼ 18:0 T,
but they got antiparallel and parallel over hx ¼ 21:0 T, where Mz as
a function of hx was nearly zero [Fig. 5(a)]. In that sense,
hx ¼ 21:0 T is a critical value and may be adopted as hA. When
hA ¼ 21:0 T was adopted, Msat ¼ Mz ¼ 0:96 μB=site at hz ¼ 21:0 T,
which yielded K1 ≃ 6:88MJ=m3. These values for hA, Msat, and K1

were also given by square brackets for reference in Table I.
We compared our results with mean-field studies. Radwański

and Franse studied magnetic properties of R2Fe14B using a simple
two-sublattice (moments of R and Fe) mean-field theory.30

They estimated the anisotropy constant of K1 treating only B0
0 for

Bm
l (¼ΘlAm

l hrli) for the crystal electric field energy of rare earth
atoms. They gave K1 ¼ 21MJ/m3 at 300 K for Dy2Fe14B. This
value is too large compared with the experimental value and our

TABLE I. Estimated values of hA, Msat, and K1 at T = 0.46Tc in comparison with
experimental data at room temperature. See text for values in square brackets.

R2Fe14B hA (T) Msat (μB/site) K1 (MJ/m3)

Dy2Fe14B (simulation) 15.0 [21.0] 0.85 [0.96] 4.35 [6.88]
(experiment) 15.0 0.824 4.22

Nd2Fe14B (simulation) 6.0 1.65 3.31
(experiment) 6.7 1.91 4.27

FIG. 6. hx dependences of mz(Dy), mx (Dy), and m(Dy) in Dy2Fe14B in (a) a
low field range and (b) in a wider field range. hx dependences of (c) mz(Fe),
mx (Fe), and m(Fe) in Dy2Fe14B. T ¼ 0:46Tc.
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estimation. This may be due to the ignorance of higher order of Bm
l

and thermal fluctuation effects, which are adequately treated in the
atomistic model approach besides the difference in modeling.

Ito et al. also performed a simple two-sublattice mean-field
study of the magnetic properties, treating B0

0, B
2
0, and B4

0.
31 They

showed under an applied field parallel to the hard axis (x direction)
a small noncollinearity of Nd and Fe moments in Nd2Fe14B at
room temperature and a non collinearity of Dy and Fe moments in
Dy2Fe14B at a low temperature. Miura et al. studied the magneto-
crystalline anisotropy in R2Fe14B in relation to non-collinearity
effect and showed that angular difference between the total and Fe
moments in Nd2Fe14B is very small in the whole temperature
region, while a big angular difference exists in Dy2Fe14B especially
at low temperatures.57

We show in Fig. 8 that the average Nd and Fe moments have
collinearity at room temperature, which is close to Miura’s result.
Our result also presented that the average Dy and Fe moments
have a slight non collinearity at room temperature in the field
dependence. This indicates that collinearity in Dy2Fe14B may
become stronger at higher temperatures in the field dependence, in
which temperature and thermal fluctuation effect may play an
important role.

B. Effect of Dy random substitution on magnetization
reversal in the Nd magnet

In this subsection, we discuss the effects of Dy random substi-
tution on the coercivity enhancement of Nd magnets. Because the
modification of the (001) interface is more efficient for coercivity
enhancement than that of the (100) interface,49 we focus on the
(001) surface in the present work. We considered two types of
systems. In system I, the (001) surface [top (n ¼ 1) and bottom
(n ¼ 19)] layers were in contact with vacuum [Fig. 9(a)], whereas
in system II, the surface layers were in contact with a soft magnet
(grain boundary) phase [Fig. 9(b)]. The layers of Nd atoms in the
hard magnet are numbered as n ¼ 1, 2, . . . in Figs. 9(a) and 9(b).
We used open and periodic boundary conditions in systems I and
II, respectively, along the c axis and periodic boundary conditions
along the a and b axes in both systems. The hard (soft) magnet
part comprised 12� 12� 9 (12� 12� 3) unit cells along the a, b,
and c axes.

FIG. 7. hx dependences of (a) mz(Nd), mx (Nd), and m(Nd) and (b) mz(Fe),
mx (Fe), and m(Fe) in Nd2Fe14B. T ¼ 0:46Tc.

FIG. 8. Alignments of (a) Dy and Fe moments in Dy2Fe14B and (b) Nd and Fe
moments in Nd2Fe14B as a function of hx . T ¼ 0:46Tc.
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The structure of the grain boundary phase was complicated in
the experiments, and several amorphous-like structures, depending
on the experimental conditions, were suggested. It was difficult to
theoretically estimate the microscopic parameters of the grain-
boundary phase, and microscopic magnetic parameters are not cur-
rently available. Only few first-principles studies on amorphous-like
structures have been conducted.58,59 We employed the same crystal
structure in the soft magnet phase as in the hard magnet phase but
adopted smaller magnetic parameters, as has been applied in
micromagnetic simulations for Nd magnets. The values of all
exchange interactions (anisotropy energies) inside the soft magnet
phase were set to half (one-fifth) of those in the hard magnet

phase. With this modeling, it is possible to catch important features
of the effect of the soft magnet phase.

In our previous study,50 all Nd atoms from the first to the nth
layer were substituted with Dy atoms, and n dependence of the
threshold field was investigated. In this study, Nd atoms were ran-
domly substituted by Dy atoms with concentration P in the Nd
layers between n ¼ 1 and n ¼ 5 (between n ¼ 15 and n ¼ 19) in
systems I and II [Figs. 9(a) and 9(b)], and P dependence of the
threshold field was investigated.

In Fig. 10, P dependences of the threshold fields at
T ¼ 0:46Tc for systems I and II are illustrated. The value (percent-
age) of each symbol in the figure indicates the ratio of the threshold
field to that of P ¼ 0. We observed that the threshold fields
increased almost linearly with P. The slope of the increase in the
threshold field in system II was nearly identical to that in system
I. In Ref. 50, we observed that n dependence of the threshold fields
was approximately linear increase and the slope of the increment
was nearly identical in both systems. This suggests that the
layer-by-layer substitution and random substitution caused no sig-
nificant difference.

When the concentration of Dy atoms was higher, the nucle-
ation feature changed from surface nucleation to bulk nucleation,
as in the case of n dependence of the threshold field in Ref. 50. We
analyzed the critical value of P to distinguish between the surface
and bulk nucleation. In Fig. 11, the ratios between the surface and
bulk nucleation at the threshold fields are given as functions of P
in systems I and II at T ¼ 0:46Tc. We estimated the ratios from six
samples of reversal at each P in each system. We found that a
larger concentration (larger P) was necessary to realize the bulk

FIG. 10. P dependences of the threshold fields at T ¼ 0:46Tc for systems I
(dashed line with squares) and II (solid line with circles).

FIG. 11. P dependences of the ratio between the surface and bulk nucleation
at T ¼ 0:46Tc for systems I (dashed line with squares) and II (solid line with
circles).

FIG. 9. (a) System I. The Nd surface layers are in contact with vacuum. (b)
System II. The Nd surface layers are in contact with a soft magnet phase of
three-unit-cell thickness. The Nd layers are numbered as n ¼ 1, 2, . . .. Nd
(red) sites are replaced randomly by Dy atoms (orange) with concentration P
between n ¼ 1 and n ¼ 5 and between n ¼ 15 and n ¼ 19.
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nucleation in system II than in system I, because a domain wall
generated in the soft magnet phase caused a surface nucleation
more easily. The critical P in system I was Pc ≃ 40% and that in
system II was Pc ≃ 75%.

In the study of n dependence, the critical n between the
surface and bulk nucleation was nc ≃ 1:5 for a system in contact
with vacuum and nc ≃ 3 for a system in contact with a soft magnet
phase, corresponding to 30% and 60% Dy substitution between
n ¼ 1 and n ¼ 5, respectively. Thus, the Dy substitution ratio for
bulk nucleation was larger for random substitution than for
layer-by-layer substitution. However, the enhancement effect
against the Dy substitution ratio was almost the same for the
layer-by-layer and random substitutions.

These observations suggest that in Dy substitution near the
surface of the hard magnetic phase, the arrangement of Dy atoms
is not very important, but the concentration density of Dy atoms is
significant for the enhancement of the coercivity of the Nd magnet,
and Dy substitution enhances the coercive force with a ratio pro-
portional to the density of Dy atoms.

We compared our observation with a micromagnetics model
study.26 Bance et al. studied a micromagnetics model (50 nm) con-
sisting of Nd2Fe14B core, 4-nm (Dy47,Nd53)2Fe14B shell, and a
2-nm soft surface defect.26 They showed that the coercive force was
enhanced from 3.23 to 4.97 T at 300 K. This suggest 54% increase
of the coercive force with 47% Dy concentration for n ¼ 1 to
n ≃ 7. In Fig. 10, the coercive force was enhanced from 3.10 to
4.10 T at 0.46Tc indicating that 28% increase with 50% concentra-
tion for n ¼ 1 to n ¼ 5. We confirmed a similar tendency of coer-
civity enhancement between the two approaches (micromagnetic
and atomistic simulations), but found that the increase ratio of the
coercivity in our results is smaller than that of the micromagnetic
simulations. This may be due to the inclusion of thermal fluctua-
tion effects in the evaluation.

V. SUMMARY

To understand the Dy substitution effect in neodymium
magnets, it is important to determine the differences in thermo-
dynamic properties between Dy2Fe14B and Nd2Fe14B. In this
paper, we first investigated these differences using an atomistic
model. Applying the Metropolis importance-sampling Monte
Carlo (MC) method, we presented the temperature dependences
of the magnetizations of the magnets and their components at
zero field. The simulated temperature-magnetization curve (Mz)
of Dy2Fe14B exhibited characteristic features of the experimen-
tally observed ones: Mz increased by lowering the temperature
from Tc, showed a peak at a high temperature, and slowly
decreased to zero temperature. This was found to originate from
the Fe positive magnetization (mz) showing an upward convex
dependence with a large curvature below Tc and the Dy negative
magnetization (mz) showing a downward-upward-downward
convex dependence with low curvatures. On the other hand, the
temperature dependence of Mz on Nd2Fe14B was mainly
reflected by mz of the Fe moments. Although the origin of the
spin reorientation (SR) is the property of the CEF potential of
Nd atoms, mz of Fe moments was more reduced under T ¼ TR

than that of Nd atoms.

The estimated value of the magnetization (Mz) of Dy2Fe14B at
zero temperature agreed with the experimentally observed ones,
and Mz at the peak position for Dy2Fe14B was also found to be an
approximation of the experimentally observed ones as well as a
good approximation of the peak magnetization at the spin-
reorientation transition temperature in Nd2Fe14B. We also found
that the critical temperatures of the two magnets were very close,
which was consistent with the experimental results, although the
critical temperatures were a little overestimated. This overestimation
was mainly due to an overestimation of the exchange interactions
(Fe–Fe and Fe–R).

The magnetization profile (mz , mxy at zero field) of Fe atoms
in Dy2Fe14B was similar to that in Nd2Fe14B, except at tempera-
tures below the SR transition temperature of Nd2Fe14B, which sug-
gests that Fe moments are hardly affected by replacement of Nd by
Dy under zero field.

We also studied the field dependences of the magnetizations
of the two magnets and their components. In Dy2Fe14B, Mx as a
function of hx increased linearly up to around 18T and then gradu-
ally increased at higher fields. This situation makes an accurate esti-
mation of the anisotropy field hA difficult. When the experimental
procedure was followed in the simulation, the estimation corre-
sponded to the experimental one: hA ¼ 15:0 T. We also estimated
hA with a different definition, in which the Dy and Fe moments
were antiparallel and parallel to the x axis (hard axis), respectively,
and obtained hA ¼ 21:0 T. With increasing hx , the Dy and Fe
moments were rotated slightly tilting from the antiparallel configu-
ration before 21.0 T. At higher hx , the Dy moment decreased
(mx , 0) and increased (mx . 0) through a paramagnetic-like
state mx ≃ 0 at hx ≃ 98 T. On the other hand, in Nd2Fe14B, the Nd
and Fe moments maintained collinearity (parallel configuration)
under the field change of hx , and hA was estimated to be 6:0 T
close to the experimental estimation: 6:7 T. We showed that
Dy2Fe14B had much higher hA than Nd2Fe14B, as observed in the
experiments.

We estimated the anisotropy energy K1 of Dy2Fe14B and
Nd2Fe14B from the obtained anisotropy fields (hA) and saturated
magnetizations (Msat). When the experimental procedure was fol-
lowed in the simulation, K1 ¼ 4:35MJ=m3 was obtained, which
was close to the experimentally observed value K1 ¼ 4:22MJ=m3.
However, using hA ¼ 21:0 T, K1 ¼ 6:88MJ=m3 was yielded. In
Nd2Fe14B, K1 ¼ 3:31MJ=m3 was obtained, which is an approxima-
tion of the experimentally observed one: 4.27MJ/m3.

Subsequently, we investigated the effect of Dy random substi-
tution in a range close to the grain surface on the magnetization
reversal in the neodymium permanent magnet. We studied two
systems: system I whose surface layers were in contact with vacuum
and system II whose surface layers were in contact with a soft
magnet (grain boundary). The threshold fields increased almost
linearly with the concentration of Dy atoms, and the slopes of the
increments of the threshold fields in systems I and II were nearly
identical. These results are similar to those obtained for n (layer
number) dependences of the threshold fields in the layer-by-layer
substitution studied in Ref. 50, although the critical density
between the surface and bulk nucleation was different. This indi-
cates that if the Dy substitution is limited to the range close to the
grain surface, the arrangement of Dy atoms is not so important,
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but the concentration density of Dy atoms is significant for the
enhancement of the coercivity of the Nd magnet.
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