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Fig. 1. The illustration of core ((Ndg7, Ceys)oFeyB) - shell
(NdyFe4B) model of which the shell thickness is a constant

of 6 nm while the core size is variable.
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Fig. 2. (a) The relevance of the coercivity to the core size (side length z); (b) the demagnetization curves of grains with different

core size (side length z) when ¢ = 6 nm.
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Table 1.

core size (side length).

The total Ce content and intrinsic magnetic parameters of the grain with the same shell thickness 6 nm but different

Core size(z)/nm Total Ce content/at.%

Average K; /MJ-m *®

Average M, /kA-m! Average Hy /kA-m 'kOe!

20 7.32 4.28
40 13.65 4.09
60 17.36 3.98
80 19.73 3.91
100 21.35 3.86
120 22.54 3.82
140 23.44 3.80
160 24.15 3.78
180 24.72 3.76
200 25.19 3.74

1255.37 (5428.72)/(68.2)
1233.21 (5277.48)/(66.3)
1220.24 (5189.92)/(65.2)
1211.96 (5134.20)/(64.5)
1206.26 (5094.40) /(64.0)
1202.11 (5062.56) /(63.6)
1198.96 (5038.68)/(63.3)
1196.48 (5022.76) /(63.1)
1194.48 (5006.84) /(62.9)
1192.84 (4998.88)/(62.8)
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Fig. 3. Comparisons of the total demagnetization energy Ey

of grains with various core size (side length).
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Fig. 4. llustration of core ((Ndy;, Ceys)oFe;yB) - shell
(NdyFe;,B) model of which the core size is a constant of
200 nm x 200 nm x 200 nm while the shell thickness ¢ is

variable.
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Fig. 5. (a) The relevance of the coercivity to the shell thick-
ness; (b) the demagnetization curves of grains with differ-
ent shell thicknesses when the core size is kept at 200 nm x
200 nm X 200 nm.
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Fig. 6. Illustration of the nucleation points for ¢
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F 2 KA S 200 nm x 200 nm x 200 nm B, ANEFEZERE ¢ 1SRRG E Ce & M N BIREMSHL

Table 2.  The total Ce content and intrinsic magnetic parameters of the grain with the same core size 200 nm x 200 nm X

200 nm but different shell thicknesses t.

t/nm Total Ce content/at.% Average K;/MJ-m*? Average M,/kA-m! Average Hy/kA-m 'kOe!
2 28.27 3.65 1182.06 (4919.28)/(61.8)
4 26.67 3.70 1187.66 (4959.08) /(62.3)
6 25.19 3.74 1192.84 (4998.88) /(62.8)
8 23.81 3.79 1197.65 (5030.72) /(63.2)
10 22.54 3.82 1202.11 (5062.56) /(63.6)
12 21.35 3.86 1206.26 (5094.40) /(64.0)
14 20.25 3.89 1210.13 (5118.28)/(64.3)
16 19.22 3.92 1213.73 (5150.12)/(64.7)
18 18.26 3.95 1217.09 (5174.00)/(65.0)
20 17.36 3.98 1220.24 (5189.92)/(65.2)

B 8 A7 50.25 kOe (55851 11 K /NHIED) B, ¢ = 16 nm SobL A REIL I F5 532 (a2 AL, y = 1 nm) (B R AE 50210
s W E S AR MR S0 0GR AL 1R AR IR], BIVRE R o B AR W R, 4T (i Sk R B 28 ke A %)

Fig. 8. The reversal process for ¢t =16 nm (view of z-z plane at y = 1 nm) under external field of 50.25 kOe (equal to the coercivity)

(The dotted lines represent the boundary between the core and the shelll; the blue arrow indicates that the magnetic moment is the

same as the initial magnetization direction, that is, the magnetic moment is not reflected. Reversal, the magnetic moment of the red

arrow has reversed).

F2m M, XF ¢ = 1220 nm, 5¢)2 JE K 1
TR SR A A5 & oRE 18 - X5 1 & 45 1) S5 32 38 i v
Jn, AN 9 BR, 52 )2 BB A 3G s S BT R Y
PRSI 3G in, 45 Ao 19 6 38 14 BB AS BT 184,
I AT IR, FEiZ B B, IR 0 RE A 3G IR 4% B R
T AR A PR T 200 S 45 ) S PR
X IR % e BELASAE AT S 35085 i ) i B 22 18 1)
FEAIR.

ST R R SF N 200 nm x 200 nm x 200 nm
B EERLTT S, ¢ = 12—20 nm B 59 %5 mi )35k KT
t = 2—10 nm BFAYETWUT, P F LR HDE ¢ =
1220 nm Y SRLTE A S AL IR RE i 45 1) SRS
Ft =210 nm BRI S X TR R

147501-6

4.4
t=20 nm

4.2
t=18 nm
4.0 |

3.8 F t=16 nm
3.6%
3‘4—\/—’;:’12’;‘
N
30 . . . . . .
—70 —60 —50 —40 —30 -20 —10 0
Hext/koe

Eq/10-15 ]

B9 ORIEISE 2R Aok SR REBE By BEAN A 1) AR 1k
Fig. 9. The change of the total demagnetization energy FEy
for grains with different shell thicknesses under varying ex-
ternal field.
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Fig. 10. Hlustration of six types of core ((Ndy7, Cey3)oFeyB)-shell (NdyFe ,B) model, from left to right: a, type, the shell is evenly
distributed on the two z-planes (the plane perpendicular to the a-axis) of the core; a, type, the shell is evenly distributed on the two
zplanes (the plane perpendicular to the zaxis) of the core; by, type, the shell is evenly distributed on the a-planes and the y-planes
of the core; b,, type, the shell is evenly distributed on the a-planes and the zplanes of the core; ¢ type, the shell is evenly distrib-
uted on the z-planes, y-planes and the zplanes of the core (evenly distributed around the core); ¢’ type, both the shell thicknesses
for the a-planes and the y-planes of the core are 1 nm, and the shell thickness for the zplanes of the core is variable with changing
total shell volume (The size shown in the figure takes Vien/ Vrain = 50% as an example).
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Fig. 11. Comparisons for the coercivity of six types of core-
shell grain structure with the same shell volume.
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Fig. 12. The reversal magnetization processes of six types of grains when Vien/ Vywain = 50% (view of -z plane): (a) a, type (2-z
plane position: y = 0.5 nm; external field is 59.75 kOe, same as coercive force); (b) ¢’ type (z-z plane position: y = 0.5 nm; external
field is 59.25 kOe, and the coercive force is the same); (c) b,, type (2-z plane position: y = 0.5 nm; the external field is 58.75 kOe,
which is the same as the coercive force); (d) ¢ type (z-z plane position: y = 0.5 nm; the external field is 57.75 kOe, which is the
same as the coercive force; (e) b,, type (z-z plane position: y = 18.5 nm; the external field is 54.75 kOe, which is the same as the
coercive force); (f) a, type (z-z plane position: y = 0.5 nm; the external field is 51.25 kOe, which is the same as the coercive force).
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Fig. 13. The demagnetization curves for four types of grains.
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Micromagnetic simulations of reversal magnetization in core
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Abstract

The effects of core size, shell thickness and shell distribution on the coercivity of single-grain core
((Ndy 7,Ceqg 3)oFe4,B)-shell (Nd,Fe ,B) magnets are studied by programming and modeling them through using
the C++ language. All the micromagnetic simulations are carried out via object oriented micro magnetic
framework (OOMMEF). The results show that the coercivity decreases with the increase of core size when the
shell thickness is constant. It is considered that for the grain, the increase in the size of the core leads the
average magnetocrystalline anisotropy field to increase and the total demagnetization energy to increase,
thereby contributing to the magnetization reversal occurring under a smaller external field. When the core size
is unchanged, as the shell thickness increases gradually, the coercivity first increases and then decreases. The
analysis of the position of the nucleation point shows that the reason why the coercivity increases in the early
period is mainly that the nucleation point is located at the core-shell junction and belongs to the core. As the
thickness of the shell increases, the exchange interaction effect between the magnetic moment of the shell and
the one of the nucleation point is strengthened, so a larger external field is needed in the nucleation process. As
for the decrease of the coercivity in the later period, the main reason is that the nucleation points are exactly
the vertices of the shell (also the vertices of the grain), and the increase of the shell thickness conduces to
increasing the total demagnetization energy, so the nucleation points can be formed under a smaller external
magnetic field. With core size and shell volume kept unchanged, when the shell is distributed on the two easy-
axis planes (i.e. the planes perpendicular to the easy axis) of the core, the coercivity of the magnet reaches a
largest value. It is because that the nucleation points are located at the vertices of the shell (also the vertices of
the grain), of which the magnetocrystalline anisotropy field is larger, and the demagnetization field is smaller.
Via magnetocrystalline anisotropy field, the demagnetization energy, nucleation point, etc, the changes of
coercivity in above cases can be explained.

Keywords: micromagnetic simulation, (Nd, Ce)-Fe-B magnets, core-shell structure, coercivity

PACS: 75.78.Cd, 75.50.Ww, 75.78.—n DOI: 10.7498/aps.69.20200435

* Project supported by the Major Program of the National Natural Science Foundation of China (Grant No. 51590882) and
the National Natural Science Foundation of China (Grant No. 51871063).

1 Corresponding author. E-mail: dong shengzhi@163.com

147501-11


http://doi.org/10.7498/aps.69.20200435
http://doi.org/10.7498/aps.69.20200435
mailto:dong_shengzhi@163.com
mailto:dong_shengzhi@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

