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Single-grain models with different cerium contents or structural parameters have been introduced to investigate the
reversal magnetization behaviors in cerium-containing magnets. All the micromagnetic simulations are carried out via
the object oriented micromagnetic framework (OOMMEF). As for single (Nd,Ce),Fe 4B type grain, the coercivity de-
creases monotonously with the increase of the cerium content. Four types of grain structure have been compared: sin-
gle (Nd,Ce),Fe 4B type, core ((Nd,Ce);Fe4B)-shell (Nd,Fe 4B) type with 2 nm thick shell, core (Ce,Fe4B)—shell
(Nd;Fe4B) type, and core (NdyFej4B)—shell (CeyFe4B) type. It is found that core ((Nd,Ce),Fe4B)—shell (Nd,Fe 4B)
type grain with 2 nm thick shell always presents the largest coercivity under the same total cerium content. Furthermore,
the relationship between the coercivity and the shell thickness ¢ in core ((Nd,Ce),Fe|4B)—shell (Nd,Fe 4B) type grain has
been studied. When the total cerium content is kept at 20.51 at.%, the analyzed results show that as ¢ varies from 1 nm
to 7 nm, the coercivity gradually ascends at the beginning, then quickly descends after reaching the maximum value when
t = 5 nm. From the perspective of the positions of nucleation points, the reasons why ¢ affects the coercivity are discussed

in detail.

Keywords: micromagnetic simulation, cerium-containing magnets, core-shell structure, coercivity
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1. Introduction

Among commercial magnets, Nd—Fe-B permanent mag-
nets generally exhibit outstanding magnetic performance.!!! Tt
is reported that Nd-Fe—B magnets have been widely used in
many fields, such as electric vehicles, loudspeakers, hard disk
drives, etc.[**! However, due to the massive consumption of
neodymium, substantial cerium has been overstocked. In or-
der to achieve a more balanced utilization of rare earths, many
investigations have been carried out to use less Nd by adding
Ce, which is cheaper and more abundant. =]

Since the substitution of Ce for Nd in Nd,Fe ;4B would
result in smaller magnetocrystalline anisotropy, it is expected
to find effective methods to enhance the coercivity of cerium-
containing magnets. In early studies,!'*~!3) cerium-containing
magnets prepared via a traditional powder metallurgy process
exhibited poor magnetic properties. After a long period of ex-
ploration, strip casting (SC) + hydrogen decrepitation (HD) +
jet milling (JM) process has been proven to assist in obtaining
better magnetic properties in cerium-containing magnets.[!4]
In recent years, Li et al. invented the dual main phase alloy
method and have conducted a lot of studies focusing on low-

cost cerium-containing magnets. >-1%1

In addition to numerous technical innovations,20-2!1
many materials calculations about cerium-containing magnets

have been performed.?>?3! For example, Liu et al. studied the
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influences of microstructural and magnetic parameters of the
grain boundary phase on the magnets by the finite element
method.[??) However, there are few detailed reports about the
internal grain structure of cerium-containing magnets. In this
paper, via micromagnetic simulations, we explore the effects
of cerium content, grain structure, and shell thickness on the
coercivity of single-grain cerium-containing magnets. It is ex-
pected to deliver a preferable grain structure to offer effective
assistance for practical experiments.

2. Simulation system and method

All the micromagnetic simulations are performed via
the oriented object micromagnetic framework (OOMMEF), [24]
which works on the basis of the finite difference method. The
Landau-Lifshitz—Gilbert (LLG) equation!>! is used for the
magnetization reversal calculation. All the cerium-containing
Nd,Fe 4B grains are modeled as cubes with the same side
length of 39 nm. Four types of single-grain structures (Fig. 1),
without grain boundary phases or neighbouring grains, are dis-
cussed in this paper.

For all grains, the intrinsic magnetic parameters at room
For Nd,Fe4B, the
anisotropy constant K; = 4.5 MJ/m, the saturation magne-

temperature have been set as follows.

tization yoM; = 1.61 T, and the exchange stiffness A =
12.5 pJ/m;[29] for CeyFe 4B, Ky = 1.5 MJ/m, uoMy = 1.17 T,
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and A = 5 pJ/m;?7) for (Nd,Ce),Fe 4B, Ki, toMs, and A are
supposed to be in line with the atomic percentage ratio of
Nd to Ce.
tion of Brown’s equation, the discretization cell size is set as

In order to ensure the rationality for the solu-

1 nmx1 nmx1 nm, which is smaller than the domain wall
width /,, and the magnetostatic exchange length l.x. Note that

ly = 7'C\/A/K1,

lex = \/ 2A/(I"’0Msz)

For Nd,Fe 4B, I, =5.24 nm and l.x = 3.48 nm; for Ce,Fe 4B,
lyy =5.74 nm and lsx = 3.03 nm. The initial magnetization is
oriented along the positive z-axis. During the reversal pro-
cesses, the external field Hey that is antiparallel with the ini-
tial magnetization is evenly applied from O (remanent state) to
—10 T within 200 stages.

Hext
4
%4 y

I (Nd, Ce)sFeruB
- Nd2F614B
- CEQF€14B

Fig. 1. Schematics for four types of grain structure: (a) single (Nd,Ce),Fe 4B type, (b) core (Nd,Ce),Fe4B)—shell (Nd,Fe4B) type, (c) core
(CeyFe4B)—shell (NdyFe4B) type, and (d) core (Nd,Fe 4B)—shell (Ce,Fe4B) type.

3. Results and discussion
3.1. Effect of cerium content

Isolated grains of single (Nd,Ce),Fe 4B type (Fig. 1(a))
have been studied to investigate the influence of cerium con-
tent (atomic percentage of cerium in total rare earth elements)
on the coercivity. As seen in Fig. 2, the reversal processes of
grains with seven cerium contents are calculated respectively.
It is found that the coercivity gradually decreases as the cerium

content increases.

F® —e Ce20.51 at.%
—4 Ce 33.18 at.% 0.4
—v— Ce 41.11 at.%
—¢- Ce 50.22 at.%

i = Ce 11.56 at.% 196 =
® Ay ¥ ¢ §

i —%— Ce 60.58 at.% 792
—— Ce 72.28 at. %
5 -5 4 -3 -2 -1 0

NOHex/T

Fig. 2. The demagnetization curves for grains of single (Nd,Ce),Fe 4B
type with seven cerium contents.

Figure 3 illustrates that as cerium content increases, the
coercivity exhibits the same tendency as the magnetocrys-
talline anisotropy field. It could be assumed that the sensitiv-
ity of the coercivity to the cerium content is mainly attributed
to the magnetocrystalline anisotropy field. The larger cerium
content leads to a smaller anisotropy field'>! of the isolated
Nd-Fe-B grains, thus decreasing the nucleation field of the
reverse domain, which results in the decrement of coercivity.
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Fig. 3. The relevance of (a) the coercivity to the (b) magnetocrystalline
anisotropy field under the same cerium content.

3.2. Effect of grain structure

To explore the effect of grain structure on the coer-
civity, four types of grain structure are compared: sin-
gle (Nd,Ce),Fe 4B type (Fig. 1(a)), core ((Nd,Ce),Fe4B)—
shell (NdyFe4B) type with 2 nm thick shell (Fig. 1(b)),
core (CeyFe4B)—shell (NdyFe4B) type (Fig. 1(c)), and core
(Nd;yFe4B)-shell (CeyFe4B) type (Fig. 1(d)). The total
cerium content of isolated grains is set from about 10 at.%
to about 60 at.%.

As shown in Fig. 4, for each type of grain, the coerciv-
ity remarkably deteriorates as the cerium content increases.
It is obvious that with the same total cerium content, the co-
ercivity of core ((Nd,Ce),Fe 4B)—shell (Nd,Fe4B) type with
2 nm thick shell is always the largest. Obviously, such core—
shell structure is beneficial to enhancing the coercivity. To
acquire the same coercivity, more cerium is permitted in core
((Nd,Ce),Fe4B)—shell (NdyFe 4B) type grain. For example,
when the total cerium content of core ((Nd,Ce),Fe 4B)-shell
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(Nd,Fe4B) type grain is 60.58 at.%, the calculated coerciv-
ity is able to rival the one of single (Nd,Ce),Fe 4B type grain
with 50.22 at.% cerium and the one of core (Ce,Fe 4B)-
shell (NdyFe4B) type grain with 20.51 at.% cerium. In
actual experiments, the grain boundary diffusion technique
or dual alloy method is promising to achieve such core
((Nd,Ce),Fe4B)—shell (NdyFe4B) type grain structure, and
it is of great benefit to making effective use of Ce to obtain
high coercivity and reducing the production cost.

6.0} 1
5.5}
5.0F

=

~ 4.5}

< 4.0f
3.5F
3.0t 1
2.5t 1

10 20 30 40 50 60
Cerium content/at.%

Fig. 4. Coercivity tygH. comparisons among four types of grains:
(a) single (Nd,Ce),Fe;4B type, (b) core ((Nd,Ce),Fei4B)—shell
(NdyFe4B) type with 2 nm thick shell, (c) core (Ce,Fe4B)-shell
(NdyFe4B) type, and (d) core (Nd,Fe14B)—shell (Ce,Fej4B) type.

3.3. Effect of shell thickness
The core ((Nd,Ce),Fe4B)—shell (Nd;Fe 4B) type model

has been introduced to discuss the dependence of coercivity on
the Nd,Fe (4B shell thickness ¢ while the grain size and total
cerium content remain unchanged. The total cerium content of
isolated grain is kept at 20.51 at.%. Due to the constant grain
size and total cerium content, as the Nd,Fe 4B shell becomes
thicker, the neodymium content in the core becomes smaller
and the cerium content in the core becomes larger. The in-
trinsic magnetic properties and the volume fraction of the core
are listed in Table 1. As ¢ increases from 0, the grain struc-
ture is changed from single (Nd,Ce),Fe4B type (Fig. 1(a))
to core ((Nd,Ce);Fej4B)—shell (Nd,Fe4B) type (Fig. 1(b)).
When ¢ reaches 8 nm, the chemical composition of the core
is CeoFe4B, and the grain structure is core (Ce,Fe(4B)—shell
(NdyFe4B) type (Fig. 1(c)).

Table 1. The intrinsic magnetic parameters and the volume fractions of

the core with different # values. Note that Hy is the magnetocrystalline
anisotropy field.

t/mm  K;/(MJ/m3) UoM/T Al(pJ/m) HA/T Volume fraction/%

1 3.78 1.50 10.70  6.316 85.39
2 3.65 1.48 1037 6.176 72.28
3 3.48 1.46 9.96 5.995 60.58
4 3.28 1.43 9.44 5.756 50.22
5 3.00 1.39 8.76 5.430 41.11
6 2.65 1.34 7.87 4.971 33.18
7 2.17 1.27 6.66 4.293 26.34
8 1.50 1.17 5.00 3.225 20.51

As seen in Fig. 5, as ¢ increases, the coercivity ascends
in the beginning. When ¢t = 5 nm, the coercivity reaches the
largest value of 5.975 T. Then the coercivity decreases rapidly
while 7 ranges from 5 nm to 8 nm. In theoretical reports on the
hard/soft exchange spring system, ?-32] it has been found that
when the thickness of the hard layer is larger than its domain
wall width, the reversal magnetization process is not sensitive
to the specific value of the hard layer. As for our work in this
paper, it is assumed that the optimum shell thickness, t =5 nm,
might also be related to the domain wall width. We will ex-

plore the detailed relationship in future research.

6.4 T T T T T T T T

6.0 /././—I\
n
5.6 /'/ \ A

5.2 single (Nd,Ce)sFe14B type T

poH:/T

4.8 b
core(CesFe4B)—shell(NdyFesB) type

gl v oL
t/nm

Fig. 5. The dependence of the coercivity tipH. on Nd,Fe 4B shell thick-
ness f.

By calculating the dynamic evolution of magnetic mo-
ments over time, time resolved simulation is generally used to
reveal the nucleation and the growth in the reversal process.
Based on this method, the nucleation points are chosen to dis-
cuss the reasons why ¢ affects the coercivity. The nucleation
points for grains at different ¢ are presented in view of x—z
plane (Fig. 6). It is found that the nucleation points gradually
propagate from the grain corner to the core center as ¢ changes
from O to 8 nm (Fig. 7). This phenomenon may be attributed
to the relationship between the magnetocrystalline anisotropy
field and demagnetization field.

Based on different positions of the nucleation points, the
discussion comprises four parts: (I) grain corner, (II) grain
edge, (IIT) core edge, and (IV) core centre.

(I) Grain corner: for t = 0—1 nm, the nucleation occurs
at the corner of the grain. Figure 8 reveals the magnetization
reversal process for = 1 nm as an example. After nucleation,
the reversal subsequently proceeds to the grain center. By
comparing the chemistry of the nucleation points, it is obvi-
ous that pure Nd,Fe 4B for f = 1 nm possesses higher magne-
tocrystalline anisotropy field than (Nd,Ce),Fe4B (20.51 at.%
cerium) for t = 0. Due to the positive relationship among the
magnetocrystalline anisotropy field, nucleation field, and co-

ercivity, the coercivity increases as ¢ varies from O to 1 nm.
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16,16.2T)

Fig. 6. Illustration of the nucleation points for # = 0-8 nm (view of x—z plane). The dotted lines represent the boundary between the shell and the core.

9

@ nucleation point

Fig. 7. Ilustration of the nucleation point movement.

(Il) Grain edge: for t = 2-3 nm, the nucleation occurs
at the edge of the grain. The magnetization reversal pro-

cess for + = 3 nm is demonstrated in Fig. 9. Different from

1
|0
- — — -1

t=1nm, t =2 nm or t =3 nm maintains a thicker shell of
high anisotropy field, causing greater difficulty in rotating the
moments of the shell. Thus, a larger external field is required
to achieve the reversal magnetization processes.

(III) Core edge: for t+ = 4-5 nm, the nucleation occurs
near the edge of the core. The reversal process for t = 5 nm is
taken as an example in Fig. 8. Compared with = 3 nm, the
nucleation points of = 4-5 nm are closer to the grain center
and therefore present lower demagnetization fields. Moreover,
for t = 4-5 nm, the boundary between the core and the shell
strengthens the exchange coupling effect among the magnetic
moments. The above two reasons are assumed to lead to the
increase of coercivity.

M,/ M,

Fig. 8. The reversal process for = 1 nm (view of x—z plane at y = 0) under the external field of 5.625 T (equal to the coercivity).

- |
: ; i H |0 E
*u N . —1

z

Fig. 9. The reversal process for t = 3 nm (view of x—z plane at y =4 nm) under the external field of 5.825 T (equal to the coercivity).
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1
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M./ M,

Fig. 10. The reversal process for = 5 nm (view of x—z plane at y = 12 nm) under the external field of 5.975 T (equal to the coercivity).

z “

1
|0
— — — —- -1

M.,/ M,

Fig. 11. The reversal process for = 8 nm (view of x—z plane at y = 16 nm) under the external field of 4.375 T (equal to the coercivity).

(IV) Core center: for t = 6—8 nm, the nucleation occurs
close to the center of the core. Figure 11 indicates the reversal
process for t = 8§ nm. It is seen that almost all the moments
of the core have finished reversing before the reversal occurs
in the shell. In such situations, the interaction effect between
the core and the shell helps to rotate the moments of the shell
under a smaller external field. Based on this explanation, for
t = 6 nm to r = 8 nm, the magnetocrystalline anisotropy field
of the core plays the most significant role in determining the
coercivity. It is considered that decreasing the anisotropy field
of the core as ¢ increases leads to the reduction of the coerciv-

ity.

4. Conclusions

In this work, we have systematically investigated the ef-
fects of cerium content, grain structure, and shell thickness
on the coercivity of single-grain magnets. Because the ad-
dition of cerium leads to lower anisotropy, the coercivity of
single (Nd,Ce),Fe 4B type grain decreases as the cerium con-
tent increases. Under the same total cerium content, com-
pared with single (Nd,Ce),Fe 4B grain, core (Ce,Fe 4B)—shell
(Nd;Fe4B) grain, and core (NdyFej4B)-shell (Ce,Fej4B)
grain, the core ((Nd,Ce),Fe4B)—shell (Nd;Fe 4B) grain with
2 nm thick shell always shows the largest coercivity. It
is assumed that the grain boundary diffusion technique or
the dual alloy method has potential to achieve such core
((Nd,Ce),Fe 4B)—shell (Nd,Fe 4B) type grain. As for core
((Nd,Ce),Fe4B)—shell (Nd,Fe 4B) type grain with 20.51 at.%
cerium, as the shell thickness ¢ increases, the coercivity
initially increases, and then quickly decreases after reach-
ing the maximum value. With reference to such tendency

of coercivity, the reasons are minutely discussed based on

the positions of nucleation points. It is suggested that core
((Nd,Ce);Fe4B)—shell (Nd,Fe4B) type grain with a proper
shell thickness is beneficial to enhancing the coercivity.
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