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The demagnetization curves of ProFei4B nanocrystalline magnets are calculated using micromagnetic finite-

element method. Samples with three different distributions of grain size are simulated. We find that the remanence

enhancement does not depend on grain size distribution but on the mean diameter of grains, and the influence of grain

size distribution on coercivity is affected by the strength of intergrain exchange coupling.
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1. Introduction

Nanocrystalline permanent magnets (NPMs)
have attracted considerable interest because of their
low rare-earth content and relatively high maximum
energy production (BH)pay.l' =% The remanence en-
hancement, which is due to the intergrain exchange
coupling (IGEC) in isotropic NPMs, results in the
high (BH)ax-

tant role in NPMs, after the grain size reduced to

Therefore, IGEC plays an impor-

nanoscale.[®”] Many efforts have been made to un-
derstand the effects of grain size on coercivity and
remanence. However, due to the limitation of experi-
mental technology, the effects of grain distribution on
the magnetic properties in NPMs were scarcely inves-
tigated. Fortunately, the influence of grain size distri-
bution on the magnetic properties can be investigated
by finite element method (FEM) based on micromag-
netics. Up to now, numerous calculations using micro-
magnetic FEM have been made on NPMs.[8=14 The
simulation results are in good agreement with the ex-
perimental data. In this paper, the relationship be-
tween the grain size distribution and magnetic prop-
erties for isotropic NPMs is investigated using micro-
magnetic FEM.

2.Simulation model

The numerical simulation model to investigate
magnetization processes in ferromagnetics is based on
the continuum theory of micromagnetics. By means
of FEM, the total magnetic Gibbs free energy,

G = Eu + Ep + Ex + E,

is minimized with respect to the direction of the spon-
taneous polarization J;. Here, Ey is the Zeeman en-
ergy in an external field, Ep the dipolar interaction en-
ergy, Eyx the anisotropy energy and E., the exchange
energy. In numerical calculations, dipolar interaction,
which is neglected in Refs.[15,16], is taken into con-
sideration by introducing a magnetic vector potential.
A more detailed description of the simulation method
used has been given in Ref.[17].

The samples consisting of 125 irregular grains
were simulated, as shown in Fig.1. Figure 2 describes
three different distributions of grain sizes. Distribu-
tion A shows a narrower distribution of grain size di-
ameters than distributions B and C. Distributions B
and C show the same range of grain sizes, but the de-
tails of their grain size distribution are different. Dis-
tribution C' shows two characteristic maxima in the

grain size distribution, which is similar to that of
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Fig.1. Schematic diagram of the sample composed of

125 irregular shaped grains.
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Fig.2. Distribution of grain sizes for the simulated
samples, relative grain size= (grain diameter/mean di-
ameter) X10nm.

nanocomposite magnets. We aim to study the mag-

netic properties of the single-phase magnets that ex-

hibit the same grain size distribution as the nanocom-
posite magnets. The mean diameter of the grain sizes
(d) varies from 3 to 30nm, and the directions of the
easy axes are distributed isotropically. For numeri-
cal simulations, the following material parameters of
PryFe 4B at room temperature are used: J;=1.569T,
K;=5.567x10%J/m3, and A=7.7x107'2J/m. Thus,
the Bloch domain wall width is §5=3.7nm and the
anisotropy field is pugHa=8.9T. In calculations, 75000—

95000 elements are used.

3. Results and discussion

3.1. Remanence

Figure 3 gives the grain diameter dependence of
reduced remanence m,(=J,/J;). In the noninteract-
ing Stoner—Wohlfarth model, m, is expected to be 0.5.
As shown in Fig.3, remanence enhancement is clearly
observed for the samples with three different distribu-
tions of grain sizes. In NPMs, the increase of surface
ratio can cause the strong IGEC. IGEC forces magne-
tization to deviate somewhat from the local easy axis,
which leads to a smooth rotation of the magnetization
vector from easy-axis orientation of a grain to that
of the neighbour. This brings about the decrease of
demagnetization effect and results in the remanence
enhancement. The width of the exchange coupling
area is approximately equal to ég. The volume ratio
of the exchange coupling area is enhanced with de-
creasing grain size. So, the remanence enhancement
effect becomes more remarkable for the sample with
smaller grains, which is in good agreement with the
result in Fig.3. Furthermore, no significant difference
in remanence for the samples with different grain size

distributions can be found. As discussed above, the
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Fig.3. Dependence of reduced remanence m, on mean

grain size d.
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volume ratio of exchange coupling which leads to the
remanence enhancement is mainly controlled by the
mean grain size instead of the size distribution. There-
fore, remanence enhancement does not depend on the
size distribution but on the mean grain size.

For samples with A and C distributions, m, de-
creases with the grain size varying from 3 to 30nm.
For samples with B distribution, m, increases with
decreasing grain size and exhibits a maximum when
grain size is of 5nm, then reduces with grain size re-
duced to 3nm. This phenomenon reminds us of the ne-
cessity to investigate the demagnetization behaviour
of the samples. Figure 4 shows the part of demagneti-
zation curve at the field around zero for three samples
with d=3nm.
of magnetization happens before the applied field de-

It is clearly seen that a sudden drop

creases to zero for the sample with B distribution.
The sudden drop of magnetization can be reasonably
related to the small remanence and is suggested to be
the discontinuous change of magnetic moment direc-
tions in some local areas in the sample. Figures 5(a)
and 5(b) describe the magnetization vector of samples
with B distribution at the points E and F' (indicated
in Fig.4) respectively. The sudden drop of magneti-
zation is caused by the rotating of the magnetization
vectors in some grains as shown in the Fig.5. For the
sample with grains of a few nanometers, enhancing
exchange coupling results in the high-energy state of
the system. Because of the stray field, the magnetiza-
tion vector in the grains whose local easy axis is at a
large angle with the direction of the applied field will
rotate to lower F. of the system. It means that the
dipolar interaction cannot be neglected in the sample
with grains of several nanometers. In our numerical

calculation, dipolar interaction is taken into consider-
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Fig.4. Demagnetization curves of the samples with
d=3nm around zero applied field.

ation. However, dipolar interaction was not consid-
ered in Refs.[15,16]. As the mean grain size in their
simulated samples is larger than 10nm, the dipolar
interaction can be neglected and their results are re-
liable. Although the problem of dipolar interaction is
very complicated,[!®19] it results in the decline of re-
manence in NPMs.[2%] Therefore, the drop of m, for
the sample with B distribution can be attributed to

the effect of dipolar interaction on remanence.

bl e B A

Fig.5. Magnetization vector of sample with A dis-
tribution (d=3nm) at point E (a) and point F (b)
indicated in Fig.4.

3.2. Coercivity

Coercivity is sensitive to the microstructure of the
sample. Figure 6 shows the curve of H. versus d for
three different kinds of samples. H. drops monoton-
ically with decreasing d. In NPMs, IGEC not only
leads to remanence enhancement, but also results in

the reduction of nucleation field. The competition
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between anisotropy and IGEC makes the magnetiza- 15 ' ' G

tion in the grain boundary deviate from the local easy 10k aooD nnA’éééﬁééééEi
axis. Thus, the magnetization in the grain bound- D'D’D‘D‘D'DDDDZ: @82222‘2/\; oot
ary reverses more easily than that in the grain centre. 051 / R A/AAA | ]
The area fraction of exchange coupling enhances with B ool ' T / i
decreasing d. Especially, when d approaches to 2dg, =

it increases rapidly. From Fig.6, it can be seen that -0.5r / ]
H_. drops sharply when d is smaller than 8nm. For 1ok f‘ :2:; |
d=3nm, coercivities of the samples with A, B and b d —a—C

C distributions are 0.69, 0.45 and 0.587T respectively. “1-5‘0.8 =% o "y 5.0
For d=5nm, H. of the three kinds of samples are 1.31, woH /T

1.02 and 1.14T respectively. For d < 5nm, H,. of the
sample with A distribution increases by about 15 per-
cent compared with that of the sample with C dis-
tribution, and H. of the sample with C distribution
increases by about 20 percent compared with that of
the sample with B distribution. For d > 5nm, no sig-
nificant difference of H, can be found among the sam-
ples with the three kinds of distributions as shown in
Fig.6. In the process of demagnetization, as the stray
field energy has been greatly released at around zero
field, which results in the weak dipolar interaction in
the system. It means that the influence of dipolar in-
teraction on H,. can be neglected compared with other

energies.
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Fig.6. Dependence of coercivity H:. on mean grain

size d.

More details in the demagnetizing process may
be obtained from their demagnetization curves. Fig-
ure 7 shows the demagnetization curve of the samples
with d=3nm. As shown in Fig.7, the magnetization
of the samples with A and B distributions reverses
in a lump, and the magnetization of the sample with
Figures 8(a) and
8(b) are the magnetization vector of the sample with
C distribution at points G and H (indicated in Fig.7)

respectively. It can be observed that the magnetiza-

C distribution reverses by stages.

Fig.7. Demagnetization curves of the samples with
d=3nm.
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Fig.8. Magnetization vector of the sample with C' dis-
tribution (d=3nm) at points G (a) and H (b) which
are indicated in Fig.7.

tion vector in larger grains rotates a large angle. The

data of energy calculation show that the rotation of
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magnetization vector in large grains not only leads
to the increase of Fy, but also results in a dramatic
decrease of Ey, which brings about the reduction of
For the
sample with A distribution, due to the lack of large

energy in the sample with C distribution.

grains, the rotation of magnetization vector will result
in the increase of Fqx and the slight decrease of Fpy,
which will not lead to the decrease of total energy in
the system.

Although IGEC is very strong in all three kinds of
samples, the contribution of IGEC to the anti-reverse
in large grains is weak. Therefore, the magnetization
vector in large grains can reverse under a relative low
field, which would lead to the decrease of H.. For d >

10nm, as IGEC is weakened, the influence of grain size

distribution on H. becomes less important.
4. Conclusions

(1) There is no significant difference in remanence
for the samples with different distributions of grain
sizes. Remanence enhancement does not depend on
the grain size distribution but on the mean diameter
of grain sizes.

(2) For mean diameter d being several nanome-
ters, obvious difference can be found among the sam-
ples with three different kinds of distributions. For
d >10nm, the grain size distribution has hardly influ-

ence on H. of the samples.
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