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In the present work we performed some simulated annealing plus Monte Carlo studies concerning a hard
magnetic spherical particles embedded into soft ferromagnetic matrix as well as irregular branches of soft and
hard magnetic phases. Magnetization process of such system depends on exchange interactions of soft and hard
magnetic object and interface between them. Especially interesting is the comparison of interactions in systems

with different, regular and irregular geometry.
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1. Introduction

Magnetic materials are very important in nowadays
technologies [1-3]. New and continuously increasing re-
quirements can be fulfilled by modern nanostructured
magnetic composites containing phases characterized by
different magnetic properties. Recently, we reported
ultra-high coercivity (> 7 T) in Fe-Nb-B-Tb type of
bulk nanocrystalline alloys prepared by the vacuum suc-
tion technique [4-6]. It was shown that in such materi-
als the interactions between relatively soft (TbFey) and
hard magnetic phases (ThyFej4B) with specific irregu-
lar branches are especially important and can lead to an
appearing of new and unique properties. On the other
hand, the antiferromagnetic coupling between Fe and Th
limits the maximum of magnetic saturation and, as a
consequence, reduces the application potential for such
materials. However, the grains with ultra-high coerciv-
ity may be a key element for the composites containing
also some soft magnetic phases (like Fe) and via the in-
teractions with their surrounding can lead to improve-
ment of the composite magnetic remanence. Therefore,
a better understanding the interactions in such systems,
including optimal balance between soft and hard phases
is especially interesting.

The aim of this paper is to study magnetization pro-
cesses of a system containing magnetic moments with
and whithout magnetic anisotropy (magnetically hard
and soft phases) in two defined geometries: i) a ball in
soft magnetic matrix and ii) irregular based on the Perlin
noise function.

2. Simulation procedure and system

In the present work we performed simulated annealing
plus Monte Carlo studies concerning a mixture of mag-
netically soft and hard phases. The algorithm details are
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described in [7]. The simulations were performed for the
three kinds of systems:

1. a spherical hard magnetic particle, inside non-
magnetic surroundings (typical Stoner-Wohlfarth
particle),

2. a hard magnetic spherical particles embedded into
soft ferromagnetic matrix (see Fig. 1a),

3. soft ferromagnetic matrix consists, irregular
branches of hard magnetic phase, generated by the
so-called 3D Perlin noise procedure [8], which gives
statistical noise with a mean value equal to zero in
each direction (composite structure, see Fig. 1Db).

Moreover, the hard and soft regions are separated by the
transition area with random anisotropy axis corresponds
to the grain boundary in the real system.

Each structure was simulated three times with propor-
tions of 30, 50 and 70% between the hard phase volume
and the whole system, with N = 502 magnetic moments.
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Fig. 1. Demonstration of two simulated systems:

a) spherical particle and b) irregular branches generated
by Perlin noise.

Energy of the system was calculated in the frame of
the 3D Heisenberg model:
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where: J; ; is the exchange parameter, S; is the spin vec-
tor on site i, K; is the anisotropy constant (per site), n;
is the easy magnetization axis, ¢ is the Lande factor, up
is the Bohr magneton, pg is the vacuum permeability and
H; is the magnetic field on site i. Note, that the dipolar
interaction are neglected due to the high anisotropy. In
the frame of the presented simulations the main param-
eters are equal to: S = 1, K = 0 and 1073 as well as
J = 1.472 and 0.9372 for the soft and hard regions, re-
spectively. The exchange parameters corresponds to the
Curie temperature of about 1000 K and 650 K.

The simulation process has three main steps:

1. Slow cooling of the system to the kg7 = 1074,
based on the Simulated Annealing procedure.

2. Sequence of magnetic field changes according to
Monte Carlo procedure including 5 x 102 iterations
per field change and cluster analysis.

3. The average hysteresis loop is the average of 9 sim-
ulations performed for 9 angles from 0 to 90 degrees
between easy magnetization axis and external mag-
netic field direction (z axis) for the hard magnetic
component (in this paper labeled 6).

Finally, the preformed simulations consist about 10000
core hours of calculations on the 2.4 GHz units.

3. Results and discussion

Figure 2 presents the magnetic hysteresis loops ob-
tained for system with spherical hard magnetic parti-
cle (50 vol.%) embedded into non-magnetic surrounding.
This case relates to the Stoner-Wohlfarth (S-W) model of
magnetization of superparamagnetic particles. As might
be expected, for angle between easy magnetization axis
and magnetic field equal to 90°, a straight line was ob-
served. On the other hand the rectangular hysteresis
with the highest anisotropy field (17 T) corresponds to
6 = 0°. In the case of real systems one may assume that
the material collect many grains with different anisotropy
directions. Therefore, the average curve, as a superposi-
tion of each angles, should be analyzed. Note, that the
deflection of average hysteresis about +12 T of external
magnetic field has no physical meaning and it is a result
of small number of curves to averaging around 6 = 0°.
The coercivity of the average hysteresis is equal to 8.8 T
and it’s independent on the volume of the particle.

Interesting is the comparison of above results with the
system including soft ferromagnetic matrix (see Fig. 3).
In this case, the key meaning has coupling between hard
particle and soft surrounding as well as balance be-
tween magnetocrystalline energy of soft matrix and high
anisotropy energy of the particle. One can notice that,
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Fig. 2. The simulations of spherical hard magnetic

particle (50 vol.%) embedded into non-magnetic sur-
rounding for § = 0° +~ —90°.
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Fig. 3. The simulations of spherical hard magnetic

particle (50 vol.%) embedded into ferromagnetic sur-
rounding for § = 0° + 90° and a part of magnetic mo-
ments system presented in inset.

the shape of average hysteresis loop is typical for sin-
gle phase or coupled systems and the coercivity is much
lower than in the case of free particle (equals 3.4 T for
50 vol.%) as well as increases from 1.35 T up to 4.8 T for
30% and 70% of the particle volume, respectively. The
inset of Fig. 3. presents a small part of magnetic mo-
ments system from the cross section for selected point
of simulation (-3.5 T, close to coercivity). Moreover, the
particle sphere (solid line) and boundary region (dot line)
were also marked.

As we mentioned before, in the case of high coercive
materials like Fe-Nb-B-Tb alloys prepared by the vacuum
suction technique, very important meaning has a specific
irregular microstructure [6]. Therefore, especially inter-
esting is the comparison of the two systems with regular
and irregular geometry. The disordered structure was
generated by the Perlin noise procedure with periodic
boundary conditions. The obtained magnetic hysteresis
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Fig. 4. The simulations of the Perlin noise system (50
vol.%) for 6 = 0° +90° and a part of magnetic moments
system presented in inset.
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Fig. 5. The comparison of average hysteresis loops for

S-W particle, as well as regular and irregular system.

loops for 50 vol.% of hard particle is presented in Fig. 4.
Note, that the anisotropy field (for 8 = 0°), exceeds 7 T
in contrast to less than 4 T for the spherical particle.
This difference increases with increasing volume of the
hard phase. In case of 70 vol. % the anisotropy field

TABLE I

The coercivity and anisotropy field for all discussed
hysteresis.

Volume | Coercivity .
Anisotropy
Type of hard | of average field [T]
area [%] | hyst. [T]
S-W parcile 30-70 8.8 17
Hard shpere 30 1.35 1.8
in soft 50 3.4 3.8
ferromagnetic 70 4.8 6
Perlin 30 1.35 2.75
noise 50 3.9 7.3
geometry 70 6.85 12.8
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increases from 6 T for the spherical particle up to 12.8 T
for the system with Perlin noise geometry. Moreover, the
coercivity of average hysteresis for regular and irregular
system is the same in case of 30 vol.%, but rises from
34 T to 3.9 T and from 4.8 T up to 6.85 T for 50%
and 70 vol.%, respectively. The comparison of all aver-
age hysteresis loops was presented in Figure 5. Moreover,
the coercivity as well as anisotropy field are summarized
in Table I.

4. Conclusions

The main conclusions of this work can be summarized
as follows:

1. The applied procedure is a good method for simu-
lation of the magnetization processes of the inves-
tigated systems.

2. In comparison to a typical S-W particle, the fer-
romagnetic matrix leads to high decrease of the
anisotropy field, in our case (50 vol. %) from 17 T
to 3.8 T and 7.3 T for spherical particle and irreg-
ular system, respectively.

3. In comparison to spherical particle, irregular ge-
ometry of the magnetic phases causes the observed
increase of coercivity, especially in case of the sys-
tems with high (> 50%) volume fraction of hard
magnetic phase.

4. The Perlin noise provides a good approximation of
magnetic composite structure and can be used in
simulation of such materials.
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