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The demagnetization process for a NdaFej4B grain covered by an a-Fe layer was studied by use of the finite

element technique of micromagnetics. pg jHc decreases with the increase of a-Fe layer thickness t. With the increase of

t from 0 to 6nm, po;He decreases from ~7 T to ~3.5 T when the angle between the applied field and the c-axis of the
NdaFe14B grain is 0.5° and from ~4 T to ~1.5 T when the angle is 30° or 60°. The effect is only slightly affected by

the angle between the a-Fe layer and the field direction.
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I.INTRODUCTION

It is well established that a sintered Nd-Fe-B
magnet is coated with an oxidized (a-Fe+Nd2Os) sur-
face layer of a thickness of the order of ~10 nm,) and
the partly oxidized surface NdsFe 4B grain has a con-
siderably small coercive force pg;H. than that of the
ensemble of the inner NdyFe 4B grains.m The demag-
netization process of the partly oxidized Nd,Fei4B
grain, however, has not been studied in detail. In
this paper we will analyse the demagnetization pro-
cess and evolution of the spin distribution during the
demagnetization process for the grain by using the fi-

nite element technique of micromagnetics.3~4

I. MODEL AND CALCULATIONS

The system considered is a cubic magnet of a vol-
ume L x L x L (L=20nm) consisting of a NdaFe 4B
grain of volume L x L x (L —t) and an a-Fe surface
layer of volume L x L x t. The polar angles of the
c-axis of the NdyFe14B grain are (6.,0.) in the zyz
coordinate system where the z, y and z axes are par-
allel to the edges of the magnet, the < 100 > axes of
a-Fe are along the z, y and z axes, and the applied
field H,, is applied along the z-axis. The magnet is
divided into m x m x m (m=5) cubic regions, and
each region is subdivided further into 24 ?:cetrahedral

1

elements, each of a volume V, = — | — | . The four
24 \'m

vertices of the tetrahedral element are located at the

cubic centre (vertex 1), the centre of the surface (ver-

tex 2), and two vertices of the surface of the cubic

region (vertices 3 and 4), respectively (Fig.1).
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Fig.1. The magnet, cubic region, tetrahedral element

and space B.

The total energy G of the system is comprised
of the Zeeman energy Fpy, the magnetocrystalline
anisotropy energy Fk, the exchange energy Fx and
the stray field energy Fy. To calculate Fy, Fx and
the K7 term of Fi for NdsFei4B, it is assumed approx-
imately that the magnetic polarization vector J(7) in
an element is a linear function of the position vector
r, that is

L= 3 w0, &

i=1,2,3,4
where

CI(2r) - (1(24) x 1(23))  1(4r) - (1(41) x 1(43))
=021 - 1(24) x 1(23))° ™ T 1(42) - (1(41) x 1(43))
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C1@2r) - (1(21) x1(24)
=13y (a(21) x 1(24)) " T

Js(4) is J at the vertex ¢, and I(ij) and I(ir) are the

1—(m +mn2+n3);

Fy(element) = —

element
z,Y,T
Fx(element) =A

element Y

H,, J,(r)dv~

Z [Vay, (r)]2dv =

A
J2

space vectors from the vertex 7 to vertex j and to 7,
respectively.
The energies for an element, therefore, are ap-

proximated by

1,2,3,4

Vel N~ ), (2)

4

element “J

=-Ve <2_m> £Js(2) -[2J4(1) + J5(3) + Js(4)] + const, (3)

L) J2
_FK1 NdFeB (element

element t

1,2,3,4
Kl‘/e 3419,

K,

/ K1 sm 0<100>( )d’U ~ ﬁ / [JS2 - Z (Js(z) . ec)(']s(]) . ec)]’l]iT]jd’U

1,2,3,4

element *J

1,2,3,4

=~ To72 [ Z (Ja(@) - ee)® + Y (Ju(4) - ec)Ju(4) .ec)} 4 const. (@)

Here, e, is the unit vector along the c-axis, and 6.1g9>
is the angle between Jg and e.. The densities of other
energy terms in an element are approximated as a lin-
ear function of 7, such that the Ky term in Fk for
NdsFe4B and Fk for a-Fe are respectively

Fx,Ndres(element) = / Ky sin* 100> (r)dv
element
1,2,3,4
K V —
) Z sin® 6100 (i),  (5)
zy,yz zx
Fxype(element) = / {K1 a?y(r)a(%(r)
element
+ Kya? (r)aj(r)aﬁ(r)] dw
V. 1,2,3,4 TY,Yz,2T
zze Z [Kl Z o2 (i)a3 (i)
7 %)
+ K] (6)

Here a(y = z,y,2) are the direction cosines of J.

Fu is replaced by the following function Fyy,”!
1
Fy = /[v x A(r) — J(r)]?dv. (7)
2#0

The integration runs over the cubic space B of dimen-

3
4
sion [L(l—i—Z—)} , which symmetrically surrounds the
m
magnet. To calculate Fyw approximately, the tetra-
hedral element division used in the magnet is ex-

tended to the whole space of B (Fig.1). The par-

i>j

0A
tial differential of 5 p (8,v = z,vy, z) is approximated
Y

by the ratio of the finite differences AAg to Ay be-
tween the nearest-neighbour grid points.[! The func-
tion [V x A(r) —
a linear function of ».

The applied field H,;, is decreased from 5 T by

steps, and the polarization J for the magnet under

Js(r)]?y in an element is treated as

each H,, is obtained from minimizing the energy G
with respect to the polar angles of J(7), {6(3), ¢(7)},
at the vertices of the tetrahedral elements in the mag-
net and the components of A(7), {A; (i), A,(2), A.(3)},
at the grid points within the space B under the bound-

X Ty
ary conditions of A(j) = ( > > M

47r1‘k ;
the grid points j on the boundary faces of space B.
Here A(j) is the magnetic vector potential, Jg(k) the
J at the centre of cubic region k, and 7, ; the space
vector from the centre of the cubic region k to the grid
point j. Under the minimum condition, Fyw becomes

Fy and A in Eq.(7) the magnetic vector potential.®]

The following values of magnetic constants at
room temperature are used in the calculations(”:
Ji=1.63T, A=7.7x10"'2J/m, K;=4.3x105J/m3
and  K5=0.65x10J/m3> for NdyFe;4B, and
J,=2.15T, A=2.5x10"11J/m, K;=4.6x10*J/m? and
K3=1.50x10*J/m? for a-Fe.
energy is obtained by using the conjugate gradient
method.[®!

The minimization of

. RESULTS AND DISCUSSION
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Fig.2. The demagnetization curves for the a-Fe layer vertical to Hap: (Oc, pc)=(0.5,0) degrees (a),
(30,0) degrees (b), (60,0) degrees (c) and (90.5,0) degrees (d) with thickness ¢t=0, 4, 8 and 12 nm.
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Fig.3. The demagnetization curves for the a-Fe layer parallel to Hap: (0c, ¢c)=(0.5, 0) degrees (a),
(30,0) degrees (b), (60,0) degrees (c) and (90.5,0) degrees (d) with thickness t=0, 4, 8 and 12nm.
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Figures 2 and 3 show the demagnetization curves 7t 6. —0.59

symbol

for the a-Fe layer vertical (Fig.2) and parallel (Fig.3) 6L
to H,p, respectively, with thickness t=0, 4, 8 and 12
nm. Figures 2(a)-2(d) are for (6, ».)=(0.5, 0), (30,0),
(60,0) and (90.5,0) degrees, respectively.

Figure 4 summarizes the t dependence of ug ;He.

full: a-Fe layer vertical to Hap
open: a-Fe layer parallel to Hap

Mo 1HC/T
w
/
/
{
/
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|

With the increase of t, ug;H. and its slope decrease; 2r
o iHe decreases by about one half when t increases ir . — o
from O to 4 nm, and by about three quarters when ¢ or -~ 90'5| M ) M ) .
is increased to 12 nm for .=30~60°. The demagneti- 0 2 4 6 8 10 12
zation curve is only slightly affected by the a-Fe layer t/nm
orientation.
Fig.4. t dependence of pg ;He.
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Fig.5. The spin distribution at poHap=-3.2 (a), 3.3 (b), —3.4 (c), 3.5 (d), —3.55 (e) and —3.65T
(f). The o-Fe layer (shaded area) is vertical to Hap, t=4 nm and (0c, pc)=(0.5, 0) degrees.
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Figure 5 shows the spin distribution on a cross
section parallel to the yz plane, including the vertices
1 and 2, during the demagnetization for (6., ¢.)=(0.5,
0), t=4nm, when the «a-Fe layer is vertical to the z-
axis.

When J, starts to deviate from the z-axis this is
observed in the a-Fe layer at pgiH.,=-3.3 T, which

is much smaller than the negative anisotropic field

of a-Fe, _HO2J£ ~ —0.05T (Fig.5(b)). An irre-
S
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versible rotation occurs in the a-Fe layer at pgiHap=—
3.5T by forming a 180° domain wall along the a-Fe—
NdyFey4B boundary (Fig.5(d)).
domain expands into the NdyFe 4B grain, and the do-

Then, the reversed

main wall pinning appears within the NdyFe;4B grain
at a field of pgiHap,=-3.55T (Fig.5(e)). The pinning
is caused by the decrease of the stray field along the
negative z-direction at the wall with the movement of
the wall, which sweeps the whole NdyFe; 4B grain at
poH ,p > —3.6T (Fig.5(f)).
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Fig.6. The spin distribution at poHap=-3.2 (a), -3.3 (b), -3.4 (c), —3.45 (d), —3.55 (e) and —3.65 T
(f). The a-Fe layer (shaded area) is parallel to the z-axis, t=4 nm and (., ¢c)=(0.5, 0) degrees.
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Figure 6 is the counterpart of Fig.5 for a-Fe layer
The deviation of Jg from the z-
axis in the a-Fe layer begins earlier than for the a-Fe

parallel to H,p.

layer vertical to H,, because the stray field from the
NdsFe 4B grain is no longer positive as corresponds
to Fig.5, but now it is negative (Fig.6(a)). The irre-
versible rotation occurs in the a-Fe layer at po iH.p,=—
3.4T by forming an 180° domain wall along the a-Fe—
NdyFe 4B boundary (Fig.6(c)). The reversed domain
expands into the Nds;Fe 4B grain and the wall is also
pinned within the Nd;Fe 4B grain in the field around
poiHap=-3.45T (Fig.6(d)). The pinning results from
the decrease of the stray field along the negative z-
The wall

direction in the wall as the latter moves.

sweeps the whole NdyFe 4B grain at pgiHap=-3.6T.
In conclusion, the a-Fe layer playing the role of
nucleation centre of the reversed domain diminishes
the coercive force of the magnet sharply. But the re-
sult cannot explain the much smaller coercive force
observed on the surface grains for the multi-grain Nd—
Fe-B magnet. In the latter case, each part of the a-Fe
layer on different grains are exchange coupled with the
neighbouring a-Fe layer parts, and the demagnetiza-
tion process is expected to be more complicated. A
study of the effect of the a-Fe layer on the demagne-
tization process for the multi-grain Nd—Fe-B magnet

is underway.
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