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Macroscopic magnetic properties of magnets strongly depend on the magnetization process and the microstructure
of the magnets. Complex materials such as hard-soft exchange-coupled magnets or just real technical materials with
impurities and inhomogeneities exhibit complex magnetization behavior. Here we investigate the effects of size, volume
fraction, and surroundings of inhomogeneities on the magnetic properties of an inhomogeneous magnetic material via
micromagnetic simulations. The underlying magnetization reversal and coercivity mechanisms are revealed. Three different
demagnetization characteristics corresponding to the exchange coupling phase, semi-coupled phase, and decoupled phase
are found, depending on the size of inhomogeneities. In addition, the increase in the size of inhomogeneities leads to a
transition of the coercivity mechanism from nucleation to pinning. This work could be useful for optimizing the magnetic
properties of both exchange-coupled nanomagnets and inhomogeneous single-phase magnets.
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1. Introduction

Currently, widely used high-performance permanent
magnets are made from rare-earth transition metal intermetal-
lic compounds such as Nd—Fe—B,!"?l Sm—Co,>-7! and Sm—
Fe-N.18] The macroscopic magnetic properties are not only
dominated by the materials parameters of the main ferromag-
netic component of the magnet but also highly dependent on
the microstructure and the microscopic magnetization pro-
cesses of the magnets.[®~!!] Therefore, performance of per-
manent magnets can be supplemented and enhanced by mi-
crostructure modifications and manipulations, such as elemen-
tal substitution,!'?! and grain boundary diffusion.!'?! Notice-
ably, a great idea with real potential to significantly raise the
record energy product is the oriented exchange-spring hard-
soft nanocomposite magnet.[” 4151 As compared to the ide-
ally homogeneous magnetic materials which exhibit a rela-
tively simple and well-understand magnetization behavior, the
materials with complex microstructures, such as real tech-
nical materials with impurities and inhomogeneities or two-
phase composites, exhibit a far more complex magnetiza-
tion behavior.!'®! Nucleation and pinning are the two main
coercivity mechanisms of permanent magnets, and the per-
manent magnets are correspondingly classified into so-called
nucleation-type and pinning-type materials. It has been stated
in Brown’s paradox!!”] that the coercivity in all real magnets
lies below the theoretically calculated anisotropy field due to
the presence of inhomogeneities that are either unavoidable
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or specifically introduced into the magnet,!!'8] and they also
play significant roles in adjusting the coercivity mechanism.
Therefore, the knowledge of the magnetization reversal pro-
cess and coercivity mechanism in such complex magnetic ma-
terials is of prime importance for an in-depth understanding of
their magnetic properties in order to help for further improve-
ments.

Extensive experiment works have been made to study
the magnetization process by observing the domain structure
through Lorentz transmission electron microscopy,!'” mag-

(20211 or Bitter-pattern.[?”! However,

netic force microscopy,
the techniques for visualizing domain structures depend on
sensing the stray field outside the magnetic materials and beg
the question of whether the domains observed at the surface
are actually representative of the bulk. Therefore, direct exper-
imental observation of the magnetization dynamics inside the
permanent magnets is rather difficult.!"®! Instead, micromag-
netic simulation provides an important way to reveal the mag-
netization dynamics in permanent magnets.>>=>1 Up to date,
micromagnetic simulations>*->°! have been widely used to
study the magnetization phenomena on the intermediate scale
between the quantum mechanical scale of individual atoms
and the macroscale, such as the dynamic response of a mi-
cromagnetic system and the characterization of 3D magneti-
zation distribution.*3% By employing large-scale micromag-
netic simulations, the effects of grain size,3!! grain shape, 3?!
and grain boundary phase!®3 on the coercivity of Nd-Fe-B
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permanent magnets were well investigated. Therein, the mi-
cromagnetic simulations provided a valuable tool to under-
stand the magnetization reversal process and the coercivity
mechanism of complex permanent magnetic materials.

In this work, magnetization reversal process of an inho-
mogeneous magnetic material is investigated by micromag-
netic simulation on a multilayer structure, in which the soft-
magnetic layers are used to represent the area with reduced
coercivity compared to the bulk, due to impurities or atomic
disorder, or an area consisting of a different material as found
in the composite material. The micromagnetic model used in
the present work is nevertheless complicated enough to exhibit
and explain many of the phenomena related to magnetization
reversal processes. Different demagnetization modes and co-
ercivity mechanisms are found, depending on the size of the
inhomogeneities. In addition, the effects of volume fraction
and surroundings of the inhomogeneity on the magnetic prop-
erties are discussed. The micromagnetic approach introduced
in the present work is fundamental enough to help to under-
stand the magnetization behavior in both exchange-coupled
nanomagnets and inhomogeneous single-phase magnets.

2. Simulated model and method

The magnetization distribution was simulated using the
micromagnetic simulator OOMMF (Object Oriented Mi-
croMagnetic Framework)*¥l by dynamically solving the
Landau-Lifshitz—Gillbert equation with a finite differences
method.?>! The Gilbert damping parameter & = 0.5 has been
used to make a good balance between calculation precision
and speed.'") The schematic diagram of the micromagnetic
model based on an o-xyz coordinate system is illustrated in
Fig. 1. The soft magnetic layer enclosed with hard-magnetic
layers was used to represent the inhomogeneity in the inte-
rior of the bulk magnets, while the soft-magnetic layer with
only one side in contact with the hard-magnetic layer is used
to represent the surface inhomogeneities. The superscripts
h and s represent the hard-magnetic and soft-magnetic lay-
ers, respectively. As a result, the #, and 7, denote the thick-
ness of the hard-magnetic and soft-magnetic layers, respec-
tively. The length and width of the multilayers are fixed at
300 nm. To investigate the effects of the size and the vol-
ume fraction of the inhomogeneity on the magnetic proper-
ties, we calculated the demagnetization curves of the multi-
layer structure with various layer thicknesses as detailed in the
following section. The magnetic field (from 14 T to —14 T)
is applied in the z-direction, and the easy axes of the hard-
magnetic layers are assumed to be perpendicular to the layer
plane. The simulation mesh size of 3 nmx3 nmx0.5 nm for
t=1nmor# = 1 nm, and 3 nmx3 nmx 1 nm for the others.
Here we selected SmCos and FegsCoss as the hard-magnetic
phase and soft-magnetic phase, respectively, and the magnetic

parameters including anisotropy K, saturation magnetization
M, and exchange constant A of SmCos*% and Feg5Co35!'8!
are as follows: K; = 17.2 MJ-m—3, M, = 0.86 MA-m!,
A =12 pJ-m~! for the SmCos alloy, and K; = 0.02 MJ-m~3,
M;=1.95MA-m~', A =16.7 pJ-m~! for the FegsCoss alloy.
The guidelines revealed in the present work are not believed
to be limited to the SmCos/FegsCo3s magnets but could be
applied to other permanent magnets with different constituent
phases.

x

Fig. 1. Micromagnetic model for an inhomogeneous magnet consisting
of soft and hard magnetic layers. The thicknesses of the soft-magnetic
and hard-magnetic layers are denoted by f and #,, respectively. The ap-
plied field and easy axis of the hard-magnetic phase are parallel to the
z-axis.

3. Results and discussion

The calculated demagnetization curves for different vol-
t .

ﬁ), with the

soft-magnetic-phase thicknesses , = 1 nm, f; = 5 nm, and

ume fractions of softmagnetic phase Vs (Vs =

t; = 10 nm are shown in Figs. 2(a), 2(b), and 2(c), respec-
tively. As can be seen from Fig. 2, the volume fraction of
the soft magnetic phase highly influences the magnetic prop-
erties. The saturation magnetization My is an intrinsic ma-
terial property, which can be estimated from the equation
M = M?;T“Ih +M; tsfith , where MP" and M are the saturation
magnetization of the soft-magnetic phase and hard-magnetic

phase, respectively. The saturation magnetization is deci-
sive for the remanence M; and the maximum magnetic energy
product (BH)pmax.2”) Tt is clear from Fig. 2 that the demagne-
tization process for the case of t, = 1 nm is different from the
cases of £y = 5 nm and 7, = 10 nm. As seen from Fig. 2(a), the
remanence M, is approximately equal to Mg when #; = 1 nm
and demagnetization curves show a good squareness which is
called a rigid composite magnet.[>3] On the contrary the M,
lies below the M when t; = 5 nm (Fig. 2(b)), and the demag-
netization process is clearly separated into two parts (i.e., the
slightly decreasing magnetization at the lower applied field,
and the jump at the higher applied field). This implies that
the magnetization reversal is expected to start from the soft-
magnetic phase prior to the magnetization of hard-magnetic
phase switching. In the case of t; = 10 nm (Fig. 2(c)), with the
increase of Vs, the demagnetization curves collapse, resulting
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in a significant decrease of coercivity H. (Fig. 2(c)). In ad-
dition, several jumps and steps appear in the demagnetization
curves in the cases of £, = 5 nm and #; = 10 nm. The underlay
magnetization reversal mechanism will be discussed later.
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Fig. 2. The calculated demagnetization curves for different volume
fractions of soft-magnetic phase Vs, with the soft-magnetic-phase thick-
nesses (a) ty = 1 nm, (b) t, = 5 nm, and (c) t;, = 10 nm. The volume
fraction of soft-magnetic phase is estimated by Vs =15 /(s + ).

The coercivity H, and the maximum magnetic energy
product versus Vj, derived from the data shown in Fig. 2, are
presented in Fig. 3. As seen from Fig. 3(a), except in the case
of Vi = 10%, the coercivity decreases monotonously with Vj
increasing. In the cases of t;, = 5 nm and t;, = 10 nm, a part
of the hard-magnetic phase switches after passing the coercive
field at V5 = 10%, which results in an extraordinarily low co-
ercivity. Although the trade-off between the remanence and
coercivity in any such two-phase nanocomposite is inevitable,
the (BH)max still increases with V increasing when 7, = 1 nm

(lower than the Bloch wall width of the hard-magnetic phase,
i.e., 2.6 nm!'8]), by effective utilization of the high coercivity
of the hard magnetic phase and the high saturation magnetiza-
tion of the soft-magnetic phase. Such an exchange-coupling
principle could provide a way for developing the new gener-
ation of permanent magnets. When f; = 5 nm (slightly larger
than the Bloch wall width of the hard-magnetic phase), the
(BH)max also increases with Vg increasing, which implies that
the exchange-coupling effect can still provide a positive con-
tribution to the (BH)m,x. However, as #; further increases up
to 10 nm, the (BH)max decreases with V; increasing, which
indicates that the method of using exchange-coupling to im-
prove the magnetic energy product fails. It is inferred from the
above results that the size of the soft-magnetic phase or inho-
mogeneities plays a crucial role in whether it provides a pos-
itive contribution to (BH)max or not. The exchange-coupling
principle mentioned above has been well proved through ex-
periments in thin films.!'4!
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Fig. 3. (a) Coercivity Hc, and (b) the maximum magnetic energy prod-
uct (BH)max versus volume fraction of the soft-magnetic phase V.

To gain an in-depth understanding of the effect of #; on
the magnetic properties, we have systematically investigated
the magnetic structure evolution during demagnetization. The
magnetization structures with different thicknesses of the soft-
magnetic layer at V5 = 50% are shown in Fig. 4. As can be
seen, the magnetic reversal exhibit three different character-
istics, depending on the thickness of the soft-magnetic layer.
The magnetization in hard-magnetic layers reversal coherent
with the soft-magnetic layers when 7, = 1 nm is shown in
Fig. 4(a). While the magnetization reversal starts at the soft-
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magnetic surface layer, and then propagation into the hard-
magnetic layers when t;, = 5 nm and t;, = 10 nm. The main
difference between the two cases of t, = 5 nm and ¢, = 10 nm
is that the deflect directions (clockwise or counterclockwise)
of magnetic moment in the interior soft-magnetic layer (soft-
magnetic layer enclosed by hard-magnetic layers) is consistent
with the surface soft-magnetic layer for 7, = 5 nm, while the
direction of magnetic moment deflection at the surface soft
magnetic layer and the interior soft-magnetic layer is different
for t; = 10 nm. This is because the soft-magnetic layers are si-
multaneously affected by the external field and the stray field
of the surrounded magnetic layers. 38! Therefore, the magne-
tization reversal is not only affected by the size of the soft-
magnetic phase but also depends on its surroundings.

O . ee—— N
_ 'iif.il._""'—‘
2T 0T 3T -8 T -9 T
W soft/=+ Ml soft/z~ [t hard/z* [¥] hard/z~ f H/z*+

Fig. 4. Magnetic structure evolution during demagnetization of the mul-
tilayer structure with different thicknesses of soft-magnetic phase, (a)
ts = 1 nm, (b) t, = 5 nm, and (¢) t; = 10 nm. The volume fraction of
the soft-magnetic phase is 50%. The observation plane is parallel to the
applied field.

The rotation angle 6 of the central magnetic moment in
different layers during demagnetization is shown as a function
of the applied field in Fig. 5. Here, the m$"" and mi™ repre-
sent the central magnetic moment of the surface and interior

int

sur
and m," repre-

soft magnetic layer respectively, and the m;)
sent the central magnetic moments of the surface and interior
hard magnetic layers respectively. It should be noted that the
case of V5 = 50% is selected for a comprehensive investiga-
tion because the distances from m{"" and m;"" to the surface
are the same, which may guarantee a negligible effect caused
by the stray field. Based on the existence of qualitatively dif-
ferent magnetization reversal modes as shown in Fig. 5, three
exchange coupling phases could be defined. The first one is
the exchange-coupled phase. As shown in Fig. 5(a), the 6—
H curves of the four magnetic moments are in general over-
lapped, indicating that there is complete exchange coupling
when the soft magnetic layers are thinner than approximately
the hard Bloch wall width (2.6 nm for SmCos). The magneti-
zation reversal mode (synchronous rotation) is quite similar to
the behavior of the homogeneous hard magnetic bulk material.
The second one is the semi-coupled phase. For thicknesses of
soft magnetic layers slightly larger than the Bloch wall width

of the hard-magnetic phase, the magnetization reversal mode
is dominated by inhomogeneous rotation (Fig. 5(b)). However,
although the soft-magnetic phase can be seen, the demagneti-
zation curve is still a single-phase curve owing to the exchange
coupling. There is still a collective reversal process, and the
forced demagnetization in soft magnetic layers will accelerate
the demagnetization of the whole magnet. The last one is de-
coupled phase. If the soft magnetic layers are much thicker
than the hard Bloch wall width, asynchronous rotation as the
magnetization reversal mode takes place independently in the
soft magnetic layers and the hard-magnetic layers (Fig. 5(c)).
Under this condition, the exchange coupling between the hard-
magnetic layers is much reduced. In other words, the hard-
magnetic layers are separated by the soft magnetic layers, and
the forced magnetization reversal at some point cannot spread
throughout the whole magnet. Thus, the soft layers guaran-
tee the magnetic decoupling of the individual hard magnetic
layers.

The soft magnetic layer can be regarded as a planar soft
defect, which is normally present in single-phase hard mag-
netic materials. Thus, the result of this investigation can be
applied to the interpretation of the magnetic properties of both
exchange-coupled nanocrystalline composites and inhomoge-
neous single-phase magnets. As mentioned above, it can be
advantageous to have a certain volume fraction impurity with
higher saturation magnetization (such as Fe, Co, and their al-
loys) in a magnet, the magnetic energy product of the system is
increased with the volume fraction of the impurities. However,
all inhomogeneities should be restricted to the areas smaller
than the Bloch wall width of the hard-magnetic phase. Apart
from that, the coercivity should be governed by the properties
of the hard-magnetic phase, because the existence of the inho-
mogeneities always leads to decrease of coercivity. Recently,
based on the micromagnetic analyses, a self-pinning coerciv-
ity mechanism has been proposed.”?*! The inhomogeneities
possess two competing effects, nucleation of the reversed do-
mains and pinning of the domain walls. The inhomogeneities
can lower the local anisotropy and are responsible for the re-
duction of the nucleation field (the field at which the original
saturated state becomes unstable and some change in the mag-
netization configuration begins to occur), which is responsible
for the formation of the local reverse domains. These domains
are pinned at the nucleation centers because of the large dif-
ference between the magnetic parameters of the impurities and
the main phase until the applied field is larger than the pinning
field.[24391 As demonstrated from the above results, the coer-
civity mechanism is dominated by nucleation when the soft
magnetic layers are thinner than the hard Bloch wall width.
As the soft magnetic layer increases, there is a gap between
the nucleation field and pinning field, and pinning is the domi-
nant coercivity mechanism. It should be noted that the pinning
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effect of surface impurities is much weaker than that of inter-
nal (see Fig. 5(b)). Therefore, impurities on the surface of the
magnet should be avoided. In reality, there will always be ar-

able corners and edges of a magnet. In these areas, magneti-
zation reversal will set in at the applied field well below the
expected coercivity field. The localized Dy or Tb diffusion in

eas with very high demagnetization fields, such as at unavoid- ~ Nd-Fe—B magnets could be one solution to this problem. 4"
180 i;: 158;1 180 t.=5 nm 180 t,— 10 nm
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Fig. 5. The rotation angle 6 of the central magnetic moment in different layers during demagnetization with different thicknesses of soft-
magnetic phase: (a) t, = 1 nm, (b) £ty = 5 nm, and (c) £, = 10 nm. The 6 is the angle between the magnetization and the applied field. The
volume fraction of the soft-magnetic phase is 50%. The schematic diagram of the selection of the central magnetic moment is inserted in (a).

4. Conclusions

In conclusion, we have investigated the effect of size,
volume fraction, and surroundings of inhomogeneity on mag-
netic properties of an inhomogeneous magnetic material via a
micromagnetic simulation of a multilayer structure. The in-
homogeneities are possible to provide a positive contribution
to the magnetic energy product, only when their size is ap-
proximately the Bloch wall width of the hard-magnetic phase.
The underlying three typical different magnetization reversal
modes corresponding to the exchange coupling phase, semi-
coupled phase, and decoupled phase dependent on the size
of inhomogeneity are revealed. As the thickness of the soft
magnetic layer increases, the coercivity mechanism changes
from nucleation to pinning. The strategy of reducing the size
of inhomogeneities and avoiding the appearance of any inho-
mogeneities on the surface of magnets should be effective in
enhancing the magnetic properties of magnets. The soft mag-
netic layer can be regarded as a planar soft defect, and thus
the present results can be applied to the interpretation of the
magnetic properties of both exchange-coupled nanocrystalline
composites and inhomogeneous single-phase magnets. The
results of the micromagnetic simulation presented in this pa-
per imply certain guidelines for designs of magnetic materials
with high performance.
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