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Demagnetization curves for nanocomposite PrpFe;4B/o-Fe permanent magnets with different hard
grain alignment are calculated by a micromagnetic finite-element method. The results show that both
remanence and coercivity increase with improving hard grains alignment. The demagnetization curves
show a single-phase demagnetization behavior for the samples with grain size d of 10 nm and two-
phase behavior for the samples with d of 20 and 30 nm. H,, (reflecting the magnetic hardening of o-Fe)
and Hj,, (expressing the irreversible reversal of hard phase) are both enhanced with improving the hard
grain alignment. The magnetic reversal in orientated nanocomposite permanent magnets is mainly
controlled by inhomogeneous pinning of the nucleated type.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

Nanocomposite magnets composed of exchange-coupled hard
and soft magnetic phases have attracted much attention due to
their high energy products (BH)q. Skomski and Coey predicted
that the theoretical energy product of SmyFe;;N3/FegsCoss multi-
layer might be as high as 120 MG Oe [1]. But up to now, (BH)ax of
nanocomposite magnets have only achieved about 20 MG Oe
[2-4]. There are several difficulties to be overcome: controlling
the material structure at the nanoscaled regime, especially to
fabricate uniform grain sizes and their soft grain sizes of about
10 nm; aligning the hard magnetic grains sufficiently and ensur-
ing effective exchange coupling between the two phases in all
grains through a homogeneous distribution. Nanocomposite
magnets prepared by conventional techniques like rapid solidifi-
cation or mechanical alloying are isotropic and their grain sizes
are generally larger than 10 nm. Recently, isotropic nanocompo-
site FePt/FesPt with uniform grain sizes of 5 nm was prepared by
chemical self-assembly method, which only achieves an energy
product of 20.1 MG Oe [5]. Therefore, the crystallite orientation of
hard phase is the most important factor to exploit the full
magnetic potential of the nanocomposite magnets.
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Kato et al. studied the anisotropic nanocomposite magnet in
NdyFe;4B/a-Fe thin film and estimated the intergrain exchange-
coupling constant [6]. Many efforts have been made to develop
anisotropic nanocomposite magnets in experiment. For the former,
fully dense anisotropic nanocomposite R-Fe-B/Fe magnets were
prepared by hot pressing and subsequent die upsetting blending
of R-rich and R-lean melt-spun ribbons [7,8]. The magnets have
layered structure, in which a crystallographic alignment of RyFe 4B
grains is only observed in single-phase layers and exchange-coupled
RyFe4B and o-Fe grains retain the random crystallographic
orientation in two-phase layers. Many studies show that R-rich
grain-boundary phase is critical to obtain desired crystallographic
texture and therefore RyFe 4B texture usually appears in R-rich
alloys [9,10]. Recently, preferential growth of RyFe 4B nanocrystals
was realized in R-lean alloys by employing a high-pressure technol-
ogy [11-14]. It should be noted that RFe;4B grains were only
partially aligned in experimental study. Furthermore, the amount of
o-Fe is limited to be lower than 2% vol. because more o-Fe will lead
to deterioration of RyFe 4B crystallographic texture [14]. Control
over crystallite orientation of hard phase grains in exchange-coupled
magnets is still a challenge to experimentalists.

Numerical methods allow a more detailed understanding of
the effect of hard grain alignments, grain size and content of o-Fe
on the magnetization reversal process. Micromagnetic finite-
element method (FEM) is proved to be effective for the simulation
of hysteresis behavior when thermal activation can be ignored
[15-18]. In this paper, magnetic properties of the nanocomposite
magnets with different easy axes alignment of hard grains are
investigated by micromagnetic FEM.
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2. Simulation model

There are different numerical schemes in micromagnetism.
The static calculation minimizing the energy of the system is
widely used to find a magnetization distribution, so it is approved
for the simulation of a magnetic hysteresis loop. By means of FEM,
the total magnetic Gibbs free energy:

G=Ey+Ep+Ey+Ee (1)

is minimized with respect to the direction of the spontaneous
polarization Js. Here, Ey is the Zeeman energy in an external field,
Ep the dipolar interaction energy, E; the anisotropy energy and E.,
the exchange energy. In numerical calculations, dipolar interac-
tion is taken into consideration by introducing a magnetic vector
potential. A more detailed description of the simulation method
used has been given in Ref. [19].

Fig. 1 shows the microstructure of two-phase Pr,Fe 4B/o-Fe
magnet with ideal grain boundary. The sample is composed of
216 irregularly shaped grains with an average diameter from 10
to 30 nm. The 216 grains are in direct contact without any grain
boundary phases. The volume fraction of o-Fe varies from 10%
to 30%.

For nanocomposite magnets, because magnetocrystalline ani-
sotropy of soft phase is smaller than that of hard phase by a
several orders of magnitude, only the crystallographic orientation
of hard phase was considered. In the case of uniaxial anisotropy
materials, the misalignment of a grain may be described by the
angle 0; between the c-axis and the preferred alignment direction
0. The degree of orientation is characterized by the standard
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Fig. 1. Microstructure of two-phase Pr,Fe;4B/a-Fe magnet consisting of 216
irregular grains with ideal grain boundary, the volume fraction of a-Fe is 20%.
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Where Odenotes the average easy direction of the magnets, 0;
denotes the angle between the local easy axis direction and
preferred alignment axis. The external field is applied parallel to
the z-direction which is identical with the preferred alignment
axis, ie.  =0. In the previous work, influence of grain size on
magnetic properties in nanocomposite magnets was studies and
Gaussian distribution function was employed to describe grain
size distribution [20-22]. It can be used for the reference to
employ the Gaussian distribution function to described the
distribution of PryFe 4B easy axes in anisotropic magnets:
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Fig. 2. Dependence of remanence J. on the standard deviation ¢ of f{0) for
Pr,Fe 4B/o-Fe nanocomposite magnets.



S.-L. He et al. / Journal of Magnetism and Magnetic Materials 324 (2012) 3853-3858 3855

where ¢’ is not identical with the standard deviation like usually
for Gaussian function because of the cutoff the distribution
function for the angles 0; > 90°.

The magnetic parameters used for the calculation at room
temperature are as follow: for o-Fe, ;=2.15T, K;=0.046 x 10° J/m?,
and A=25x10"'2]J/m; for PryFei4B, J;=1.569 T, K;=5.567 x 10°
J/m3, and A=7.7 x 10712 J/m. Thus, the Bloch domain wall width of
ProFe 4B phase is dp=3.7 nm. In calculations, 75,000-95,000 ele-
ments are used.

3. Results and discussion
3.1. A remanence

Fig. 2 shows the dependence of remanence J, on the standard
deviation ¢ of f{0) for nanocomposite magnets with the average

a

1.5

—10

0.5 —

/
Xtota
T

Fig. 3. Demagnetization curves (a) and the corresponding field dependence of
total susceptibilities ™™ (b) for the magnets containing 20% o-Fe with d of 20 nm.

grain size d of 10-30 nm and a-Fe content of 10-30 vol% respec-
tively. A continuous decrease of J; is observed with increasing ¢ in
all the magnets and J, of magnets with large grains decline more
fast than that of the magnets with small grains, which is
consistent with the theoretical results for oriented single-phase
nanocrystalline permanent magnets [23]. J. of nanocomposite
magnets can be described as J, =J,(h)+]J,(s), where j.(h), results
from spontaneous magnetization of hard phase and J,(s) from that
of soft phase. In orientated nanocomposite permanent magnets,
remanence enhancement was contributed by both alignment of
easy axes in hard grains and intergrain exchange coupling (IGEC)
between neighboring hard-hard and hard-soft grains. Improved
alignment of easy axes results in increase of magnetization in
hard grains paralleling to the external field. In soft magnetic
grains with a large spontaneous magnetic polarization, the
magnetic moments rotate out of the easy axis more easily than
in hard magnetic particles. So, nearly all magnetic moments of the
soft magnetic phase align parallel to the average direction of the
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Fig. 4. Dependence of H. (d=10 nm) and H;» (d > 10 nm) on standard deviation ¢.
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easy axis of the neighboring hard magnetic grains, which causes
remanence enhancement. IGEC plays an important role in nanos-
caled permanent magnets. IGEC forces magnetization to deviate
somewhat from the local easy axis, which causes a smooth
transition of magnetization from one easy direction to the other
over a width of dp and results in remanence enhancement. The
smaller the average grain size is, the stronger is IGEC in the
magnets. Therefore, it is reasonable that J, of the nanocomposite
increase with decreasing d when ¢ and o-Fe volume fraction is
kept constant, as shown in Fig. 2.

It should be mentioned that, there is little difference among
J- of the magnets with perfectly oriented hard phase containing
10% and 20% o-Fe, whereas an obvious decrease of J. can be found
with increasing grain size in the magnets with perfect crystal-
lographic alignment of hard grains containing 30% a-Fe. Since the
magnetization of hard grains is all parallel to the direction of
external field, the decline of J, should be attributed to decreasing
magnetization of soft phase. In the case of a-Fe content Vs less
than 20%, soft grains are separated from each other by the hard
grains in the magnets and no-touching in soft grains is guaran-
teed [24]. Therefore, soft grains can be exchange coupled com-
pletely by hard grains even though d of the magnets is as large as
30 nm. However, it is impossible to guarantee no touched soft
grains in our calculation in the case of V> 20%. The connection of
o-Fe grains forms large soft grains. The combined of soft phase
grains are too large to be exchange-coupled completely leading to
the center of soft grains cannot be exchange coupled. The weaker
IGEC, the smaller fraction volume of exchange hardening area in
o-Fe is. As a result, it can be easily understood that J, decreases
with increasing d in the nanocomposite magnets containing 30%
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o-Fe with perfectly oriented hard grains. With o-Fe content
increasing from 10% to 30% the remanence of orientated nano-
composite magnets increases monotonically, which is similar to
that of isotropic nanocomposite magnets.

3.2. Coercivity

The coercivity field is highly sensitive to microstructural
features such as the average grain size, the distribution and
volume fraction of the soft magnetic phase, particle shape and
the orientation of the easy axis. The calculated results show that
the demagnetization curves show a single-phase behavior for
d=10nm and a two-phase behavior for d> 10 nm, which is
coincide with the experimental results [25,26]. It is suggested
that more information on magnetization reverse can be obtained
from the plot of ¥ versus H for two-phase behavior magnets
[27]. Fig. 3 shows demagnetization curves and the corresponding
field dependence of total susceptibilities "% for the magnets
containing 20% a-Fe with d of 20 nm. For convenience, we defined
the exchange bias field H.x as the field in which the first
maximum y is obtained and the irreversible reverse field H;,
as the field in which the last maximum y reached. Both are
different from coercivity H. where magnetization is zero. Thus, for
single-phase behavior magnets, H;;; = Hex = H, and for two-phase
behavior magnets, the demagnetization behavior is not well
characterized by H; but by H., and H;,.. The value of H., depends
on soft-hard IGEC, and is equal to the magnetocrystalline aniso-
tropy field of hard phase as the soft layer width is less than 20 in
multilayer thin film [1,28,29]. The first maximum y®* shown in
Fig. 3 is attributed to the spring like reversal of o-Fe phase. Fig. 3
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Fig. 5. Magnetization vector in demagnetization process of perfectly oriented nanocomposites with 20% soft phase. The area enclosed by red line represents soft grains.
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shows that H,, is slightly enhanced with improved hard grains
alignment, whereas an Hj, significantly moves towards high field
with decreasing ¢. In nanocomposites, the magnetic moments
rotated out of the easy axis more easily than in hard magnetic
particles and parallel to the average direction of the easy axis of
the neighboring hard magnetic grains. Therefore, improvement of
hard grains alignment leads to an increase of magnetic moment in
soft grains which parallel to z-axis.

Fig. 4 shows the dependence of H{d=10 nm) and H;,{d > 10 nm)
on ¢. H. or Hj, increases monotonically with improved hard
grains alignment, which is similar to that of non-interaction
system. Fig. 5 describes the magnetization vector in demagneti-
zation process of perfectly oriented nanocomposites with 20% soft
phase. Here, we would like to use one-dimension model proposed
by Keneller and Hawig [28] to interpret the demagnetization
process of nanocomposite magnets. Starting from the saturation
remanence along easy axis direction, magnetization changes
reversibly in the soft phase with increasing reverse field and
two equilibrium 180° walls form. These wall are reversibly
compressed towards the hard phase with increasing reverse
field. The nucleated domains are pinned at the neighboring hard
phase grain boundary in the case of applied field H- H;; > H > Hey.
The energy density in these walls E,; increases above its
equilibrium value E,qn, continuously with increasing H. When H
further increases up to Hj,, approaches to the equilibrium
energy density of a wall in hard phase E,q, the first reversed
domain walls invade into hard phase and irreversible reversion
takes place. Therefore, the mechanism of magnetic reversal
is dominantly determined by the inhomogeneous pinning of
nucleated type.

4. Maximum energy product

Fig. 6 demonstrates maximum energy product (BH),. as a
function of ¢ with d=10-30 nm, V;=10-30%. (BH)myqx increase
monotonically with improved hard grain alignment. Because of
low a-Fe concentration and aligned hard grains in the calculated
magnets, H. is much higher than one half of the remanence,
(BH)max sensitively depends on the remanence. For perfectly
orientated magnets with 10% o-Fe, (BH)qx iS Not sensitive to d,
which is in a good agreement with the results of Fig. 2. As V; is
constant, the magnets with small d exhibit high remanence,
which leads to high (BH)nq Therefore, in this paper, perfectly
orientated magnets containing 30% o-Fe with d of 10 nm exhibits
the highest (BH)mqx of about 600 KJ/m>.

It is noticeable that the effect of «-Fe content on (BH)pax
sensitively depends on d of the magnets. For d=10 nm, the
magnets with 30% o-Fe show highest (BH),qx and that containing
10% o-Fe lowest (BH)qx. With d increasing to 30 nm, the magnets
with 10% o-Fe exhibit highest (BH);qx and that with 30% o-Fe
lowest (BH)mqx. Fig. 6 suggestes that, small grain size and
relatively high soft phase content are of benefit to high (BH);ax
for ideally orientated nanocomposite magnets. However, as Vs is
too large, the soft grains connected to each other forming big soft
grains, the stray field plays a dominant role and forces the
magnetization of soft grain to form vortex flow, which leads to
a drastic decrease of J and (BH)max-

5. Conclusion

The influence of crystallographic orientation of hard phase on
magnetic properties of nanocomposites were investigated sys-
tematically. The remanence of nanocomposites increases with
improving hard grains alignment. The demagnetization behavior

of nanocomposites possessing a two-step demagnetization beha-
vior should be characterized by H.x which reflects the magnetic
hardening of «-Fe and Hj;, which expresses the irreversible
reversal of hard phase instead of H.. With improved hard grains
alignment, He, and H;. both increase monotonically. An ordered
crystallographic orientation of hard grains can lead to a signifi-
cant increase of (BH)mnqx Our results of magnetization vector in
demagnetization process give a direct evidence that the magnetic
reversal in the nanocomposites magnets is mainly controlled by
in homogeneous pinning of nucleated type, which was proposed
by us before. A maximum energy product as high as about
75 MGOe is predicted in this paper, which is much higher than
the experimental data up to now. Highly ordered orientation of
hard phase is the critical factor to improve the properties of
nanocomposites. It is still challenging for experimentalists to
obtain strong texture of hard grains in the nanocomposites in
which the amount of «-Fe keeps a relatively high level.
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