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Coercivity mechanism in permanent magnets has been debated for many years. In this paper, various models of
the coercivity mechanism are classified and re-examined by the comparison and contrast. Coherent rotation and curling
models can reveal the underlying reversal mechanism clearly based on isolated grains with elliptic shapes. By contrast, the
numerical methods consider inter-grain interactions while simulating the evolution of the spins and hysteresis loops with
complicated shapes. However, an exact simulation of magnetic reversal in permanent nanomagnets requires many meshes
to mimic the thin domain wall well.

Nucleation and pinning are the two main coercivity mechanisms in permanent magnets. The former signifies the
beginning of the magnetic reversal, whilst the latter completes it. Recently, it is proposed that the large difference between
the intrinsic magnetic properties of the nucleation centers and those of the main phase can result in a large pinning field
(self-pinning), which has the attributes of both traditional nucleation and pinning. Such a pinning explains the experimental
data of permanent magnets very well, including the enhancement of the coercivity by the grain boundary pinning.

Keywords: coercivity mechanism, permanent nanomagnets, self-pinning
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1. Introduction
Permanent magnets, which are available abundantly in

modern life,[1–6] play an indispensable role as components of
a wide variety of electromechanical and electronic devices.
Roughly, an average home contains more than 100 perma-
nent magnets and a car uses 12 on average. These magnets
are being investigated, improved, and applied increasingly ev-
eryday, thus leading to a rapid change in our lives. In his-
tory, permanent magnetic materials marked the beginning of
the magnetism.[3] The first use of the permanent magnets can
be traced back to more than 2000 years ago in ancient China,
where the prototype of the compass was invented and later
used in navigation.

Permanent magnetic materials are characterized by their
large coercivity and associated energy products, which could
be millions times larger in comparison with soft magnetic ma-
terials. The application of the permanent magnets ranges from
electric motors and generators, magnetic storage media, loud-
speakers, door latches, and toys to ore separators, water fil-
ters, electric watches, and micro-tubes. These applications are
related closely to the large coercivity, which can sustain for
a long time. Therefore, coercivity mechanism is one of the
key issues of permanent magnetic materials, and has not been
completely understood yet. Generally, it is believed that the
high coercivity is due to the high crystalline anisotropy K and

hence the high anisotropy field Ha, as shown in Table 1. In
comparison, the crystalline anisotropy of NiFe is of the order
of 10 erg/cm3 (1 erg = 10−7 J), representing one of the softest
magnetic materials in nature.

In principle, the coercivity of the permanent magnet can
be the same as its crystalline anisotropy field. However, the
coercivity of most magnets is much smaller than the corre-
sponding anisotropy field, leading to a paradox called as coer-
civity paradox.[17–19] Such a paradox was proposed by Brown
in 1940s, which holds good for all kinds of permanent mag-
nets, including the soft magnetic materials where the shape
anisotropy field is dominant. The coercivity paradox is caused
largely by the uncertainty of the coercivity mechanism in mag-
netic materials, especially in permanent magnets where the co-
ercivity mechanism has been disputed for a long time.

Coherent rotation and curling are the main coercivity
mechanisms of ideal materials, which are perfect in both phase
composition and geometrical shape.[20–24] For these mecha-
nisms to hold, the material must be an elliptical single-phased
isolated grain without any defects, which can rarely be satis-
fied in real. Therefore, in general cases, nucleation and pin-
ning are considered as the two dominant coercivity mecha-
nisms, and the permanent magnets are classified accordingly
into so-called nucleation-type and pinning-type materials. Nd-
FeB is believed to be a nucleation-type material whereas
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SmCo a pinning-type material. However, some experimental
results support the contrary conclusions.

Recently, it has been proposed that the real coercivity
mechanism depends not only on the intrinsic magnetic proper-
ties of the material, but also on the microstructures such as de-
fects and grain sizes.[10,25–27] Nucleation and pinning signify
the beginning and end of the magnetic reversal respectively,
and have to be analyzed as a whole. Therefore, the real co-

ercivity mechanism could be a combined mechanism, which

has the attributes of both traditional nucleation and pinning.

Analyses show that interface pinning and grain boundary pin-

ning are the dominant coercivity mechanisms of anisotropic

and isotropic permanent nanomagnets, respectively. These

two types of pinning are called as self-pinning, which occurs

near the nucleation centers.

Table 1. Magnetic properties of various hard magnetic materials at room temperature, where Ms, K, and A denote spontaneous magnetization, anisotropy
constant, and exchange constant, respectively ∆ = π(A/K)1/2, Ha = 2K/Ms, Lme = (A/2π)1/2/Ms, Lmc = (A/K)1/2, and Rc = 9(AK)1/2/2M2

s are
Bloch wall width, anisotropy field, magnetostatic exchange length, magnetocrystalline exchange length, and estimated single-domain critical radius,
respectively. The unit 1 Oe = 79.5775 A·m−1.

Material Ms/(103 emu/cm3) K/(107 erg/cm3) A/(10−7 erg/cm) ∆ /nm Ha/kOe Lme/nm Lmc/nm Rc/nm Refs.

Nd2Fe14B 1.28 4.3 7.7 4.2 67.2 2.73 1.34 158 [7], [8], [9]
Pr2Fe14B 1.25 5.6 7.7 3.7 89.6 2.80 1.17 189 [10]

Sm2Fe17 N3 1.23 12 10.7 3.0 195 3.36 0.94 337 [7], [8]
SmCo5 0.84 17.1 12 2.6 407 5.20 0.84 914 [7], [8], [9]

Sm2Co17 1.19 2.91 9.5 5.7 48.9 3.27 1.81 167 [10]
Sm-Co 0.55 5 12 4.9 181.8 7.95 1.55 1152 [7], [9]

FePt 1.10 2.0 8 6.28 36.4 3.24 2.00 149 [7]
Tb30Fe58Co12 0.25 0.25 13 22.65 20 18.19 7.21 1298 [11]

SmFe 0.286 0.022 6.5 7.7 50.9 9.95 3.55 208 [12]
YFe2 (1) 1.085 10 14.5 6.7 49.9 8.95 2.55 460 [13]
YFe2 (2) 0.49 0.7 15 14.54 28.6 9.97 4.63 607 [14]

FePd 1.0 0.8 6.9 9.23 16.0 3.31 2.94 106 [15]
MnBi 0.6 1.1 16 12.0 37 8.41 3.81 524 [9], [16]

The review is arranged as follows: In Section 2, vari-
ous models of the coercivity mechanism are introduced and
compared after a survey of the history of the permanent mag-
nets and their main features. In Section 3, the recently pro-
posed self-pinning mechanism for the nanostructured perma-
nent magnetic materials are examined and compared with the
other models. Such a pinning occurs at the interface between
the main phase and the defects, which dominates the mag-
netic reversal process of well oriented permanent nanomag-
nets. Discussions are provided in Section 4 along with the
main conclusions.

2. Hysteresis loops and a survey of various coer-
civity mechanisms

2.1. Hysteresis loops

Permanent magnets are characterized by a high resistance
to demagnetization, i.e., a large coercivity. The coercivity of
the permanent magnetic materials, typically the rare earth
iron or rare earth cobalt magnetic materials, can be as high
as 10 MA/m,[1–3,28] which is six orders of magnitude larger
than that of the soft magnetic materials. In addition, a typical
permanent magnetic material should have a large remanence
to have a high maximum energy product (BH)max. This prod-
uct describes the ability of a permanent magnet to withstand
the influence of an external magnetic field. Moreover, the en-

ergy product is a measure of the useful magnetic flux that can
be produced by the magnet in a given volume.[1–3] Figure 1
shows the magnetic flux density B plotted as a function of
the magnetic field H, which is well known as hysteresis loop.
The shaded area represents the (BH)max product, the opti-
mum working point that defines the largest area. The value of
the (BH)max is determined by the remanence Br, the coercivity

(a)

(b)

Fig. 1. Hysteresis loop of a permanent magnet. The top shows the M–
H hysteresis loop and the bottom the B–H hysteresis loop. The shaded
area represents the maximum energy product of the material.
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bHc and the squareness of the demagnetization curve in the
second quadrant. Here bHc is used to represent the coercivity
derived from the B–H loop to differentiate it from Hc, the in-
trinsic coercivity derived from the M–H loop. There are two
kinds of hysteresis loops, one is the B–H loop and the other is
the M–H loop. The two hysteresis loops are equivalent, with
the magnetization M defined as M = B/µ0–H. While the B–H
loop is used more often in the application area, the M–H loop
is found to be used more conveniently in the research area. In
the following, the hysteresis loops and their associated param-
eters such as remanence and coercivity refer to those of M–H
loop.

Fig. 2. History of the energy product achieved since 1880, the red dots
denote the coercivity achievement.

In the history of the permanent magnetism, the relation-
ship between the development of the magnetism and magnetic
materials are reciprocal.[1–3,28] On the one hand, the advance
in the magnetic materials progresses the theory of magnetism.
On the other hand, the progress in magnetism accelerates the
development of magnetic materials. As shown in Fig. 2, the
(BH)max values have increased by a factor of more than 100
in the past century.[1–3] Until the nineteenth century, magnets
were weak, unstable, and made of carbon steel. Improvements
were made with the development of cobalt magnet steels and
alnico in Japan (Mishima) in 1917 and 1932, respectively. The
coercivity of alnico was doubled when compared to other ma-
terials, owing to the shape anisotropy associated with a special
metallurgical microstructure of an iron-rich Fe–Ni–Al–Co al-
loy. Further developments in the properties of magnets were
achieved by the introduction of the rare-earth transition metal
compounds in the 1960s, that are, SmCo5 and Sm2Co17. En-
ergy product with an excess of 200 kJ/m3 was obtained, which
is double of that of the best alnicos. However, these mate-
rials are expensive because of the Co component, which is
expensive. In the 1980s, a novel type of permanent magnet
material was obtained by combining Nd, Fe, and B, this de-
fines the priority research area for high performance perma-
nent magnets in recent years. Its importance lies not only on

its substantially higher energy product, but also on its signif-
icantly lower raw material cost when compared to those of
Sm–Co. Although remanence is important, the improvement
in the (BH)max is mainly due to the increase in coercivity.[1–3]

The high coercivity of the permanent magnets is caused by
their high anisotropy, either shape anisotropy or crystalline
anisotropy. For the rare-earth permanent magnets, the crys-
talline anisotropy is responsible for the high coercivity.

2.2. Coherent rotation and domain wall motion

The mechanism of coercivity is an enduring topic of
magnetism,[17,29–43] which is especially true because a per-
manent magnet characterized by a high coercivity is consid-
ered. The Stoner–Wohlfarth model (SW model)[44] is the most
promising time-independent model to date. This model, based
on the coherent rotation of the magnetic moments of single-
domain grains with respect to their easy axes, gives the coer-
civity as Hc = Ha = 2K/Ms for a bulk material with the easy
axes parallel to the applied field direction. Here, K is the dom-
inant crystal anisotropy constant, and Ms is the saturation mag-
netization. The field Ha, thus defined, is called the crystalline
anisotropy field, which is as high as 6.7 T for Nd2Fe14B. The
corresponding remanence Mr given by the SW model is equal
to Ms. For an isotropic material with random easy axes, the
coercivity given by the SW model is 0.48Ha, roughly 3.3 T for
Nd2Fe14B, and the remanence is 0.5Ms. However, it should be
noted that in the later case, the magnetic reversal mechanism
is not completely coherent. Rather, the moments in grains
with different easy axes align in different directions, and the
inter-grain exchange interaction is ignored completely. For a
completely coherent rotation process, the coercivity is zero for
a system with random easy axes as the average anisotropy is
nullified. This explains why the coercivity values in noncrys-
tallines are nearly zero, and can be extended to some nanocrys-
talline permanent magnets.

While the remanence determined by the SW model is in
reasonable agreement with the experimental value, the coer-
civity of both experimental and technical magnets, however, is
at most 20%–40% of that determined by the SW model. This
discrepancy is generally attributed to the crystal defects and
inter-grain interactions, which are ignored in the SW model.
Despite these disadvantages, the SW model, proposed in 1948,
is still widely used in magnetism. One reason is that it is a
very simple analytical model, and can provide an appropriate
coercivity mechanism. The other reason is that although the
measured coercivity Hc is much smaller than that given by the
SW model, the coercivity of all types of magnets are linked
with the anisotropy field. In some models, this connection is
expressed by introducing a term in the expression of the coer-
cive field, which is proportional to Ha: Hc = αHa.[3,17,28–34]

In contrast to the rotation model, there is another group
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of models based on the motion of the domain wall,[3,17,28–31]

proposed by Kersten and Néel in 1940s. Here, the coercivity
is owing to the hindering of the motion of the domain walls
caused by the stress or impurities and is inversely proportional
to cosβ , where β is the angle between the applied field and
the easy axis. The coercivity determined by these models is
generally much smaller than that determined by the coherent
rotation of the magnetization. It has been agreed that the coer-
civity mechanism of multi-domain grains is mainly due to the
wall motion while that of the single-domain grains is mainly
due to the rotation. This, however, presents problems. For
example, it has been argued[28,42–44] that although the domain
walls exist in the magnets composed of multi-domain grains in
the virgin state (thermally demagnetized state), when a large
enough field is applied, no domain walls exist in the satura-
tion state, which means that the grains are composed of single
domains. Now if a demagnetizing field is applied, the domain
wall has to be nucleated before it moves. Before the nucleation
of the domain walls, it has to be ensured that the demagnetiz-
ing process of a material composed of multi-domain grains in
the virgin state should be similar to that of the single-domain
grains. Thus, the nucleation of the domain walls may be the
dominant mechanism in some materials rather than the pin-
ning mechanism. On the contrary, the domain wall motion
and pinning are the main mechanisms of the initial magnetiza-
tion curve, where the nucleation is not necessary. Therefore,
the reversal mechanisms of the magnetization and demagneti-
zation processes can be completely different. Nucleation was
first considered by Brown and Frei et al. in 1940s and later
by Aharoni et al. in 1960s, it occurs first at the crystal defects,
surfaces, and then the corners of the material.

2.3. Various modes of nucleation and nucleation expansion

According to Brown, the field at which the original satu-
rated state becomes unstable and some change in the magneti-
zation configuration begins to occur is called as the nucleation
field. Note that this definition differs from the implications of
few later models, where the nucleation field means the field
at which the dominant magnetic reversal occurs or at which a
nucleus completes its expansion. This difference is one of the
main reasons that are leading to the confusion of the coercivity
mechanism in permanent magnets.

Based on the variational method, Brown arrived at a se-
ries of micromagnetic equations, and the nucleation field was
determined by finding the eigenvalues of these equations. The
coherent rotation, which was considered as a model for the
hysteresis loops, turns out to be a nucleation mode with the
nucleation field given by

H =− 2K
µµ0Ms

+NsMs, (1)

where the first term originates from the crystalline anisotropy
and the second term corresponds to the shape anisotropy.
Ns = N⊥−N||, where N⊥ and N‖ are the demagnetizing fac-
tors perpendicular and parallel to the easy axis, respectively.
For spherical grains, Ns = 0 and equation (1) becomes equal
to the crystalline anisotropy of the materials, which is the co-
ercivity provided by the SW model for a bulk material with
easy axes parallel to the applied field direction. In this sense,
the SW model can be regarded as one mode of nucleation
process,[28,38] namely, the uniform rotation.

“Curling”, “buckling”, or “twisting” are the other
possible nucleation modes (non-uniform collective
process).[17,28,29] Because of the non-uniform magnetization,
these configurations will give rise to an addition of exchange
energy. A barrier characteristic of each of these configurations
should replace the barrier associated with the uniform rota-
tion. The effective process will be the one where the absolute
value of the nucleation field is the smallest. This depends on
the diameter of the elongated grains concerned. In some cases,
one of these non-uniform processes may be more economical
than the uniform rotation, but the coercive force is less than
that of the uniform rotation.

Frei et al.[45] and Aharoni et al.[46,47] compared the co-
herent rotation and non-uniform processes in the case of a pro-
late ellipsoid. For nonuniform processes, the critical field de-
pends on the dimensions of the ellipsoid.[22] For example, the
critical field of a sphere for the curling mode is as follows:[28]

H =
−2K
µ0Ms

− Aq2
2

µ0R2Ms
+

1
3

Ms, (2)

where A is the exchange constant, R is the radius of the sphere,
and q2 = 2.0816 is a dimensionless constant.

Comparing with Eq. (1), and taking into account that
Ns = N⊥−N|| = 0 for a sphere, it is evident that if there is
no other mode, the magnetization reversal in a sphere should
start by the coherent rotation if R < Rc, and by the curling if
R > Rc, where:

Rc =
q2

Ms

√
3A
µ0

(3)

is the critical radius. This formula provides the small critical
radius of the rare-earth permanent magnet, which is roughly
9 nm, for Nd2Fe14B sphere. When R is deviated from Rc, the
difference between the nucleation fields of a soft grain for dif-
ferent modes could be quite larger. For an Fe grain with the
minor radius of the order of Rc, Hcrit is typically 0.1 times
of the critical field obtained for uniform rotation. For perma-
nent magnets, however, the first term in Eq. (2) is dominant.
Therefore, the critical field difference is rather small. For an
Nd2Fe14B grain with the minor radius of the order of 10Rc, the
second term in Eq. (2) can be ignored, and Hcrit is 0.76 times
of the critical field obtained for uniform rotation.
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For the other grain shapes, other processes may be in-
volved in the magnetization reversal,[23,30] but in every case,
the uniform rotation tends to occur for small grains, and non-
uniform processes tend to occur for larger grains. However,
the difference in the coercivity of different modes in hard mag-
nets is rather small. Besides, the consideration of the nonuni-
form processes cannot solve the coercivity paradox in the hard
magnets completely.

Besides the nucleation model, there is another type
of model for the formation of the early domain walls in
the demagnetizing process called as the nucleus expansion
model,[29] proposed by Givord et al. in 1980s. Although both
models, with the adequate selected parameters, have been ap-
plied successfully, their respective philosophies are different.
The nucleation model, as a micromagnetic approach, can shed
light on the reversal mechanisms, whereas the nucleus ex-
pansion model, as a global approach, cannot. By contrast,
thermal activation effects are intrinsically considered in the
“global” model, whereas they are neglected in the micromag-
netic approach.[29]

In permanent magnets, the origin of the coercivity has
been debated intensely for decades.[3,30–34,44–53] Both nucle-
ation and pinning models have some experimental support,
but they have failed to explain few experimental phenomena.
Therefore, a conclusion has been made that there are two types
of permanent magnets according to the different coercivity
mechanisms, nucleation type and pinning type.[1–3,17,28–34] It
is believed that the coercivity mechanism of Sm2Co17 material
is mainly pinning dominant, while that of sintered Nd–Fe–B
material is nucleation dominant. Consequently, the differenti-
ation of the coercivity mechanism of the permanent magnets
in the 20th century is phenomenological.

2.4. Numerical approaches and more advanced models

The turn of the century offers the possibility of inves-
tigating the coercivity mechanism in the permanent magnets
based on the full micromagnetics. On the one hand, with the
increase in the calculation power of the computers, numeri-
cal approaches to the magnetization reversal are developing
rapidly. On the other hand, recent experimental techniques aid
the fabrication of the nanostructured permanent magnets with
reliable measurement of microstructures and grain sizes. The
theory and experiments can be compared to reveal the under-
lying coercivity mechanisms.

Micromagnetics, as a bridge between the quantum mag-
netism and macroscopic magnetic phenomena, can yield the
demagnetization process of permanent magnetic materials di-
rectly, in addition to the domains and domain wall structures.
These calculations are initiated from the total magnetic Gibbs
free energy, ΦG.[47,54–58] The calculated magnetization is a
continuous function of the magnetization, which has a con-

stant magnitude, but a variable direction. However, full mi-
cromagnetics in the permanent magnets (including composite
magnets) suffers from a large compute power needed due to
their very thin domain wall, typically 3 nm–5 nm, and thus re-
quires a mesh size less than 1 nm to mimic the domain wall
correctly. The main task of the numerical approaches is to
evaluate the dipolar fields, where various numerical techniques
are used. The finite difference method provides an easier ap-
proach, but it is limited to the simple description of the physi-
cal system. The finite element techniques are difficult to han-
dle, but they can describe complex shapes.

In addition, the other problem is the minimization of the
energy ΦG. To overcome this problem, the conjugate gradient
method is often used. However, it is not suitable to describe
unsymmetrical processes, which occur in the symmetrical sys-
tems during magnetization reversal. Therefore, a damping fac-
tor from the Gilbert–Landau equation[28,29,59,60] is used.

Moreover, all the above models have common disadvan-
tages when compared to the SW model, i.e., the calculation of
the hysteresis loop is complicated, and in most cases, the co-
ercivity cannot be derived simply by the analytical methods.
There is a large gap between the simple SW model and the de-
tailed models. The SW model, although very simple, is widely
used as a common reference. Considering this, it is necessary
to make a compromise between the simplicity and accuracy.

Therefore, various micromagnetic theories have been pro-
posed, with quite a few models based on the magnetization
reversal process.[33,44] Nucleation and pinning are believed to
be the two important coercivity mechanisms in both single-
phased and exchange-coupled composite permanent magnets.
A self-pinning coercivity mechanism has been proposed re-
cently, incorporating elements of both initial local nucleation
process and subsequent propagation of the domain wall to the
main phase.[10,25–27,61–63] Such a mechanism was first pro-
posed in hard–soft multilayers, which was then extended to
composite and permanent nanomagnets. The defects in the so-
called single-phased permanent magnets act as the nucleation
and pinning centers, which play a role similar to that of the
soft phase in hard-soft composite systems. Such an interface
pinning dominates the magnetic reversal process of well ori-
ented permanent magnets, as found in either one-dimensional
(1D)[7,64–66] or three-dimensional (3D)[67–69] micromagnetic
calculation.

Further, a new analytical model was recently proposed
to investigate the important role played by the transition re-
gion in the reversal process of isotropic permanent magnetic
materials, which is a special domain wall formed in the grain
boundary.[18,19] The model provides a simple and easy way
to calculate the hysteresis loop and gives simple formulae for
the remanence and coercivity. It is worth noting that this sim-
plicity is retained by ignoring the magnetostatic interactions,
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which play a relatively less important role in the demagnetiza-
tion process of isotropic permanent magnets compared to the
crystalline anisotropy and exchange interaction.

Nevertheless, such a model is much more accurate than
the SW model because the exchange interaction is explicitly
included in the model to investigate the underlying coercivity
mechanism in the permanent magnets. The coercivity mech-
anism in this case turns out to be another special kind of pin-
ning, which is pinning in the grain boundary with different
easy axes.

3. Interface-pinning of well-oriented permanent
magnetic systems

This section discusses the role of crystalline defects,
which play a significant role in the demagnetization pro-
cess and in reducing the coercivity considerably. Generally
these defects possess two competing effects, nucleation of
the reversed domains and pinning of the domain walls. In
the nucleation models, as nucleation centers, they are re-
sponsible for the low measured coercivity. However, in the
pinning models, they can retain the coercivity by supply-
ing pinning centers. Both models have their experimental
supports. However, it is exceptional that a sole experiment
can support both mechanisms sometimes.[2,28] A self-pinning
mechanism has been proposed recently, which can explain
this contradiction.[10,25,61–63] The defects can lower the local
anisotropy and are responsible for the reduction of the nucle-
ation field, which is responsible for the formation of the local
reverse domains. These domains are pinned at the nucleation
centers because of the large difference between the magnetic
parameters of the defect and the main phase until the applied
field is larger than the pinning field. When H >HP, the reverse
domain can move into the main phase and hence sweep the
whole material, settling the magnetic reversal process. Hence,
where there is a nucleation center, there exists an associated
pinning field. The self-pinning coercivity mechanism is thus
defined, and is found to be the dominant mechanism in perma-
nent and composite nanomagnets.

Such a self-pinning coercivity mechanism is based
mainly on the micromagnetic analyses. In this section, reliable
nucleation and pinning fields, as well as the coercivity mecha-
nisms, have been obtained for a planar soft defect with a thick-
ness 2d sandwiched inside a hard bulk system with uniaxial
easy axes. This calculation is similar to an exchange-coupled
triple-layer magnetic system. The results are then extended to
general nanocrystalline permanent/composite magnets and are
compared with the experimental data. Finally, the influence of
the microstructures on the coercivity and its mechanism is dis-
cussed.

3.1. Basic formulation

In this section, a step-like anisotropic defect is consid-
ered, forming a hard/soft/hard trilayer system. Here, both
spontaneous magnetization and exchange constant change
abruptly at the interface in addition to the crystalline
anisotropy. The crystalline easy axes of the main phase are
parallel and that of the defect are perpendicular to the direc-
tion of the applied field. Both of these are within the layer
plane so that the magnetostatic interaction can be ignored.

Similar to a hard/soft multilayer,[26] the total magnetic en-
ergy per unit area for such a defect sandwiched in the perma-
nent magnet can be expressed as follows:

γ =
∫

∞

d

[
Ap
[

dθ

dz

]2

+Kp sin2
θ −Mp

s H cosθ

]
dz

+
∫ d

0

[
Ad
[

dθ

dz

]2

+Kd cos2
θ −Md

s H cosθ

]
dz, (4)

where θ is the angle between the magnetization and the ap-
plied field H. Owing to the symmetry, only half of the tri-
layer system is considered. The superscripts p and d denote
the main phase of the permanent magnet and the soft defect,
respectively.

The variation in the total energy density leads to two in-
dependent equations. The variation of the volume part results
in the Euler–Lagrange equation:

Kd sin2θ+Md
s H sinθ = 2Ad d2

θ

dz2 for 0≤ z≤ d, (5)

−Kp sin2θ+Mp
s H sinθ = 2Ap d2

θ

dz2 for d ≤ z≤ ∞. (6)

By solving Eqs. (5) and (6) with suitable boundary condi-
tions, we obtain the angular distribution in the soft defect and
the main phase as two elliptical integrals.

Further, the interface constraint[26,27] can be rewritten as
follows:

AdKd[(cos2
θ

0− cos2
θ

d)−2hd(cosθ
0− cosθ

d)]

= ApKp[sin2
θ

0−2hp(cosθ
0−1)], (7)

where θ 0 is the direction of the magnetization at the interface,
z = 0. The reduced applied field, h = H/Ha is introduced,
with Ha = 2K/Ms as the anisotropy field. ∆ = π(A/K)1/2 is
the Bloch wall width. Equations (5)–(7) form the basis of the
calculation.

3.2. Comparison of nucleation and self-pinning fields

At the nucleation state, the deviation of the magneti-
zation from the applied field direction is small, and there-
fore the nucleation field can be derived analytically by series
expansion.[22,31] A Taylor series expansion of Eqs. (5) and (7)
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at θ = 0, without the high-order term and after a subsequent
integration, yields the following:

πd
∆ d =

tan−1

√
ApKp(1+hp

N)√
AdKd(1−hd

N)√
1−hd

N

, (8)

where hN =−HN/Ha is the reduced nucleation field. A minus
symbol is adopted here, as we are investigating the nucleation
corresponding to the second quadrant hysteresis loop.

Equation (8) is a general formula that relates the nucle-
ation field to the defect thickness 2d and material parameters.
From this relationship, more formulae can be derived. For ex-
ample, by substituting Kd with−Kd in Eq. (8), we arrive at the
nucleation field for a soft defect sandwiched in the permanent
magnet with parallel easy axes,

πd
∆ d =

tan−1

√
ApKp(1+hp

N)√
AdKd(−1−hd

N)√
−hd

N−1
. (9)

Similar equation has been derived by Zhao et al.[27] for a
hard/soft multilayer (Eq. (5) of Ref. [47]). If we ignore the
effect of the anisotropy in the soft defect Kd, equations (8) and

(9) become equivalent, and can be simplified as,

πd =

tan−1

√
2ApKp(1+hp

N)√
−AdMdH√

−MdH/(2Ad)
. (10)

Similar simplification has been adopted by many
literatures,[21,22,24] for the hard/soft multilayers. How-
ever, it is not always correct. Further simplification of
Eq. (10) by considering Ad = Ap, Md

s = Mp
s yields πd/∆ p =

cos−1
√
−hp

N/
√
−hp

N, which is the formula of the nucleation

field for a step-like anisotropy derived by Aharoni.[46]

Fig. 3. Calculated nucleation fields for a planar α-Fe-like soft defect
sandwiched in Nd2Fe14B with perpendicular and parallel easy axes,
which vary with the soft defect thickness d. In addition, the nucleation
field for Kd = 0 is shown for comparison, i.e., when the anisotropy in
the soft defect is ignored completely.

Table 2. Magnetic properties of various soft defects at room temperature. NA means that the data are not available.

Material Ms/(103 emu/cm3) K/(107 erg/cm3) A/(10−7 erg/cm) ∆ /nm Ha/kOe Lme/nm Lmc/nm Rc/nm Refs.
α-Fe 1.714 0.046 25 73.2 0.54 3.68 23.31 16 [7], [8], [70], [71]
Co 1.422 0.43 10.3 15.4 6.05 2.85 4.89 47 [18], [20], [27]
Ni 0.4841 –0.003 9 172.1 0.12 7.82 54.77 32 [19], [27]

NiFe 0.856 0.000001 8 8885.8 0.00002 4.17 2823.43 0.2 [23]
Fe65Co35 1.934 0.00001 16.7 4059.8 0.0001 2.67 1292.28 0.2 [20]

FeRh 1.27 0 16 NA 0 3.97 NA 0 [28]
DyFe2 0.76 0.0001 15 1216.7 0.0026 6.43 387.30 3 [13]

Figure 3 shows the 2d-dependent nucleation field calcu-
lated according to Eqs. (8)–(10) for Nd2Fe14B with α-Fe as
the soft defect. The material parameters are listed in Table 2.
All the three HN decrease uniformly as d increases, and sat-
urate at sufficiently large d. For small d, Kd has negligible
effect on the nucleation field, and therefore, the three curves
converge into one single curve. However, for large d, there
are clear gaps between the three curves and Kd cannot be ig-
nored. The nucleation fields according to Eqs. (8)–(10) satu-
rate at −540 Oe, 540 Oe, and 0 respectively.

It is noted that the negative nucleation field has been ob-
tained for the trilayer system with perpendicular easy axes.
This finding is consistent with the experiment results, where it
was found that the domain walls could be nucleated before the

remanent state has reached.[2] However, the calculated nucle-
ation field is much smaller than the experimental coercivity for
larger 2d, suggesting that the nucleation is not the dominant
coercivity mechanism in these materials. In fact, the nucle-
ation is necessary, but not a sufficient condition for complete
magnetic reversal. In addition, it sets a lower limit to the coer-
civity.

Figure 4 compares the calculated nucleation field with the
coercivity with easy axes perpendicular and parallel to the de-
fect plane, where a planar α-Fe like defect with thickness d
is sandwiched in Nd2Fe14B. It is evident that the coercivity is
identical to the corresponding nucleation field only for 2d less
than a certain critical size, Lcrit1, where the dominant coerciv-
ity mechanism is nucleation. For Nd2Fe14B/α-Fe/Nd2Fe14B
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trilayer system, Lcrit1 = 4 nm. For large 2d, there is a gap be-
tween the two fields and the coercivity is identical to the pin-
ning rather than the nucleation field. Therefore, in this case,
pinning is the dominant coercivity mechanism. Experimental
results[71] of hard/soft/hard multilayers show a similar trend
in the change of the coercivity mechanism, as shown in Fig. 5.
For sufficiently large d, Hc saturates at approximately 7 kOe,
the smallest pinning field, which can be derived analytically:

Hmin
p =

2(ApKp±AdKd)

(
√

AdMd +
√

ApMp)2
. (11)

Here, a “+” is adopted for perpendicular easy axes, while a
“−” is adopted for parallel easy axes. Generally, the pinning
field decreases with the soft layer thickness.

Fig. 4. Comparison of nucleation and pinning fields for a planar α-Fe
like soft defect sandwiched in Nd2Fe14B with easy axes perpendicular
and parallel to the defect plane.

Fig. 5. Comparison of the calculated nucleation (dashed) and propaga-
tion fields (solid) for NdFeB/Fe multilayers with the experimental data.
The solid circles denote the experimental coercivity obtained for the
NdFeB/Fe/NdFeB trilayer system.[26]

Such a pinning has the attributes of both traditional nucle-
ation and pinning. On the one hand, by considering a “−” in
Eq. (11), the numerator r of the right-hand side of Eq. (11) rep-
resents the domain wall energy difference of the hard and soft
phases. Thus, the field given by Eq. (11) is because of the fact
that the domain wall in the hard phase has much higher energy
density than that in the soft phase. This implication is similar
to that of a typical pinning field. In fact, similar equations to

that of Eq. (11) have been obtained by other groups,[33] which
is called as the pinning field. In addition, as illustrated by Zhao
et al.,[26] from Eq. (11), other formulae for pinning fields can
be derived.

On the other hand, the pinning field given by Eq. (11) is
in fact a propagation field, at which a local domain wall could
fully grow and break away from the local nucleation site, and
then propagate into the main phase. From this point of view,
the self-pinning field can be regarded as a kind of nucleation
field. If we ignore the Kd, equation (11) can be rewritten as:

Hp = αHp
K , (12)

where α = 1/(1+
√

η)2 and η = AdMd/ApMp. Taking
Nd2Fe14B as an example, because of the existence of α-Fe
as a soft defect, η = 4.33 (see Table 2), the pinning field is
roughly 10% of that of a perfect material. This field can be
smaller if the change in the parameters from the soft to hard
phases is more gradual.[30]

Kronmüller et al. obtained a similar formula as Eq. (12)
for NdFeB and PrFeB materials, and they considered it as the
nucleation field.[72–74] This pinning is inherently linked with
the nucleation centers and is called as the self-pinning by Zhao
et al. Once the domain walls enter the hard phases, they have
to overcome the other pinning centers to spread throughout the
whole material. The pinning field provided by these traditional
pinning centers is generally smaller than the self-pinning field
of the permanent and composite magnets. Thus, the traditional
pinning can be ignored in the following discussions.

Fig. 6. Comparison of the calculated nucleation fields for two different
spherical soft defects in the NdFeB matrix.

The self-pinning field provided by Eq. (11) or Eq. (12)
is completely determined by the interface constraint, which is
independent of the interface shape. While the pinning field
provided by Eq. (11) can be applied to other magnetic struc-
tures, the nucleation field cannot be applied, as it differs with
the geometries. For a hard matrix with spherical soft inclu-
sions, HN can be derived as follows:

Ad

Ap

[
D
2

√
Md

s HN−2Kd

2Ad cot

(
D
2

√
Md

s HN−2Kd

2Ad

)
−1

]
077505-8



Chin. Phys. B Vol. 28, No. 7 (2019) 077505

+1+
D
2

√
2Kp−Mp

s HN

2Ap = 0, (13)

where D is the diameter of the soft inclusion. Similar to
those shown in Fig. 4 and discussed above, the nucleation field
shown in Fig. 6 is generally smaller than the self-pinning field
given by Eq. (11), particularly for a large defect size/thickness.
For an exchange-coupled material consisting of many nucle-
ation centers, the coercivity is determined by the smallest self-
pinning field, which corresponds to the largest defect size. In
this region of the defect size, as shown in Fig. 4, the coercivity
mechanism is pinning rather than the nucleation. Therefore,
the dominant coercivity mechanism in nanostructured perma-
nent magnets is self-pinning, and the coercivity is determined
by the smallest self-pinning field of the material, which in
many cases, is approximately given by Eq. (12).

3.3. Experimental evidence and comparison with other
theories

Kronmüller et al. have made an extensive effort in re-
vealing the coercivity mechanisms in the permanent magnets,
both theoretically and experimentally.[72–75] By careful fitting
of temperature dependence of the coercivity over a wide tem-
perature interval, they found that the experimental coercivity
is a linear function of Ha, i.e., H = αHa +NeffMs, for vari-
ous permanent and composite materials. Apart from a cor-
rection term due to the shape effect, this equation is the same
as Eq. (12). For the exchanged-coupled permanent/composite
magnetic systems discussed here, the correction term is very
small and can be ignored. The fitted α for those materials are
listed in Table 3.[72,75]

Table 3. Fitted α for various materials by Kronmüller et al., where NA means that the data are not available.

NdFeB PrFeB SmCo
Composition Fitted α Composition Fitted α Annealing temperature Fitted α

stoichiometric 0.15 stoichiometric 0.16 800 ◦C 0.43
7.5% α-Fe 0.13 6.1% α-Fe 0.14 900 ◦C 0.37

14.2% α-Fe 0.125 14% α-Fe 0.12 NA NA
21.9% α-Fe 0.11 22.1% α-Fe 0.105 NA NA
30.0% α-Fe 0.095 30.4% α-Fe 0.09 NA NA
34.1% α-Fe 0.08 38.6% α-Fe 0.065 NA NA

It is of interest that they conclude that the dominant mech-
anism in NdFeB and PrFeB materials is nucleation while that
in SmCo is pinning based on these results.[72–75] They argued
that, in the case where the domain wall pinning would dom-
inate the demagnetization process, an increase in the coer-
civity has to be expected. The large difference between the
magnetocrystalline energy of Nd2Fe14B/Pr2Fe14B and α-Fe
would result in strong pinning centers, as the domain wall
energies for the two phases are quite different.[72,75] There-
fore, the pinning mechanism cannot be considered as the
dominating mechanism in Nd2Fe14B/α-Fe and Pr2Fe14B/α-
Fe systems.[72,75] To clarify this, we may rewrite Eq. (11) as:

Hmin
p = α

2(ApKp−AdKd)

AdMp
s

. (14)

It is evident that the existence of α lowers the pinning field
considerably and the self-pinning cannot be excluded from
the coercivity mechanism in these systems. In fact, these
data can be explained well by the self-pinning mechanism.
From Table 3, it is evident that all the fitted values of α for
Nd2Fe14B/α-Fe system are approximately 0.1, which is con-
sistent with the calculation based on the self-pinning mecha-
nism. As the volume occupied by the soft-phase increases, the
largest soft grain size in the material increases, which leads
to the decrease in the coercivity. The parameters (Ms, Ha) of
Pr2Fe14B is similar to that of Nd2Fe14B, thus Pr2Fe14B/α-Fe
has almost the same coercivity as that of Nd2Fe14B/α-Fe. As
for the SmCo system, different annealing temperatures lead to

different grain sizes, which in turn result in the different largest
“soft” grain sizes. The most likely “soft” grains in the SmCo
system is Co. The fitted values of α for this system are roughly
0.4, much larger than that derived from Eq. (14), which is
approximately 0.2 for both the Sm2Co17/Co and SmCo5/Co
systems. This suggests that the materials are probably nearly
stoichiometric with very small inclusion of Co.

In short, the main coercivity mechanism in the exchange-
coupled permanent magnets is interface-pinning, which has
the attributes of both traditional nucleation and pinning. This
nucleation-pinning duality helps in solving the long-lasting
disputes on the coercivity mechanism in permanent/composite
magnets, and it explains the available experimental data
quite well. This coercivity mechanism, proposed in the
hard/soft/hard trilayers, can be extended to almost all the com-
posite and permanent nanomagnets as a dominant mechanism.
Particularly, such a mechanism can be extended to sintered
magnets where the grain size is much larger than 1 µm and
the defect size is nearly 1 µm or slightly smaller. One can see
that, in this case, d can be considered large enough so that the
pinning field is the lowest, which is approximately 0.1Ha for
Nd2Fe14B with Fe as a soft defect.

4. Discussions and conclusions
4.1. Single-phase versus two-phases

The models discussed in this review suit both single-
phased and two-phased permanent magnets. Particularly, the
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self-pinning coercivity mechanism was first proposed in two-
phased magnetic materials and then extended to single-phased
permanent magnets. However, the comparison with the other
experiments shows that the formula of the self-pinning agrees
better with the single-phased materials. For example, the co-
ercivity determined by the formula for Nd2Fe14B/Fe is 0.7 T,
which is similar to the experimental data of many single-
phased Nd2Fe14B without any particular coercivity enhance-
ment. In addition, it has been discussed by Zhao et al.
that,[10,25] Fe is very likely to occur in Nd2Fe14B such that
many single-phased materials are in fact a two-phased one. Al-
though these defects occupy very small volumes, they can de-
teriorate the coercivity significantly. It is evident from Fig. 4, a
3-nm-thick planar soft defect can decrease the nucleation field
and the coercivity by half.

To decrease the amount of soft Fe, the compositions used
to manufacture the sintered magnets are generally Nd-rich and
B-rich, rather than the stoichiometric composition R2Fe14B.
Besides soft Fe, off-stoichiometric compositions were found
to have smaller grains of the phase NdFe4B4 irregularly dis-
tributed between the Nd2Fel4B grains.[1] Apart from NdFe4B4

and the fcc Nd-phase forming part of the ternary eutectic, sev-
eral investigations have reported the occurrence of the Laves
phase NdFe2.[1] Recent investigations demonstrate that the
thin grain boundary layer could be ferromagnetic,[49,76,77] sup-
porting the theory of the self-pinning where the soft ferromag-
netic phase is adopted in the model.

Experimental confirmation of this hypothesis in melt-
spun ribbons was also provided.[78–82] Particularly, it is found
that the optimally quenched ribbons are two-phase materials.
The grains of Nd2Fe14B (approximately 30 nm in size) are sur-
rounded by a thin film of an amorphous phase, which is rich
in Nd and deficient in B with an approximate Nd : Fe ratio of
7 : 3.

Therefore, many single-phased permanent magnets are at
least a two-phased one from a micromagnetic point of view.
By contrast, an artificially fabricated two-phased magnetic
material is actually composed of multi-phases as each of the
two phases are not really single-phase from a micromagnetic
view. Consequently, the calculated coercivity based on a two-
phase model is usually larger than the experimental data.

Moreover, any poly crystals possess at least two-phases:
one is the main phase and the other is the grain boundary. The
grain boundary is usually a nucleation center as its local crys-
talline anisotropy is much lower than the main phase. Experi-
mentally, an enhancement of the grain boundary may increase
the coercivity of sintered Nd2Fe14B efficiently. This includes
the addition of a heavy rare-earth element such as dysprosium
and a non-magnetic element such as Cu.

Further, from a general point of view, a perfect single
crystal without any structural defects may be a magnetically

“two-phased” material unless it is a sphere or an ellipsoid. Re-
verse domains are usually nucleated at the corners and sur-
faces, forming a different magnetic phase in contrast to those
in the center.

4.2. Pinning versus nucleation

The interface pinning model discussed in Section 3 indi-
cates that the self-pinning is the dominant coercivity mecha-
nism in the permanent nanomagnets. However, such a pinning
does not exclude nucleation as aprerequisite for the formation
of the reversed domains.

Most experiments infer that the dominant mechanism in
the SmCo-type material is pinning,[73,83] while a few other ex-
perimental evidences indicate that the nucleation is also impor-
tant in the magnetic reversal process. Therefore, self-pinning
is considered as a governing reversal mechanism in SmCo ma-
terial.

By contrast, most experimental observations made on the
Nd–Fe–B-type materials indicate that the coercivity in the cor-
responding nanomagnets is nucleation-controlled[72,75] rather
than pinning controlled, mainly because of the three reasons
listed below.

(i) High low-field magnetic permeability values indicate
that the domain walls can move easily, which is confirmed by
the observations, suggesting there are a few pinning centers.
This statement holds good for both sintered and melt-spun
magnets. For sintered magnets, the grains are multi-domain at
the thermally demagnetization state so that the domain walls
can move freely within the grains. For melt-spun magnets, it
is the easy motion of the multi-grain domain wall through the
grain boundary that enhances the low-field susceptibility.

(ii) The coercivity of Nd–Fe–B and Pr–Fe–B magnetic
materials is generally found to increase with the increasing
magnetizing field.[84–88] As the applied field rises, the mag-
netic reversal becomes more difficult because of the constant
removal of the residual reverse domains. These residual re-
verse domains behave as the nucleation centers, which facili-
tate the magnetization reversal and reduce the coercivity.

(iii) Most importantly, the measured coercivity is found to
increase linearly with the anisotropy field Ha in a quite large
temperature region.

However, these three reasons also support the self-
pinning mechanism. The high low-field magnetic permeability
does not exclude the self-pinning mechanism from the demag-
netization process, as the self-pinning is likely to occur at the
grain boundaries and defects rather than the traditional pin-
ning centers. Recently, Li et al. found that the mechanisms of
the demagnetization and initial magnetization are different for
nanocomposite permanent magnets, justifying the self-pinning
mechanism.[89,90] In addition, a small amount of defects can
provide efficient self-pinning according to the discussions in
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Section 3, where the theory is based on one single self-pinning
center. Further, the increase in the coercivity with the applied
field can be derived directly from the self-pinning mechanism
as nucleation is the prerequisite for self-pinning. Most im-
portantly, a linear relationship between the coercivity and the
anisotropy field is reflected clearly in Eq. (12), the formula for
the self-pinning field. Such a self-pinning mechanism is not
only the dominant mechanism in the permanent nanomagnets
such as melt-spun ribbons, but also determines the magnetic
reversal in sintered magnets where the grain size is usually
larger than 1 µm. An enhancement of the pinning centers
at the grain boundaries can be made by the addition of non-
magnetic Cu, which can improve the coercivity clearly. Such
an enhancement of the coercivity cannot be explained based on
the nucleation mechanism, which, however, is in accordance
with the self-pinning mechanism.

Furthermore, many experimental observations made by
the means of electron microscopy confirm that the domain-
wall pinning at the grain boundaries is the reason for the high
coercivity in the optimally quenched ribbons or in the over
quenched and annealed ribbons. The same conclusion was
drawn by Hilscher et al.[91] based on the minor loop behav-
ior of these materials and by Pinkerton[1] based on the stud-
ies of the initial magnetization. In addition, the domain-wall
pinning at the grain boundaries was reported for a variety of
melt-spun materials of different anisotropy by Hadjipanayis
et al.[92] using Lorentz microscopy. Recently, Zhang et al.
found that the magnetic properties of the nanocomposites can
be enhanced greatly by interface pinning and grain boundary
pinning, suggesting a similar mechanism for the single-phased
and composite permanent nanomagnets.[93–95]

4.3. Size effect and grain boundary enhancement

Another important issue in permanent magnets is the
size effect and the related grain boundary enhancement of
the coercivity. The grain diameter DG in melt-spun Nd–Fe–
B is usually smaller than the single-domain particle diameter
D0. However, DG exceeds D0 in sintered Nd–Fe–B magnets.
For this reason, many scientists concluded that the coerciv-
ity mechanism in melt-spun magnets is different from that in
sintered magnets, along with the corresponding microstruc-
tures. However, it has been argued that every grain is a single-
domain in the saturation state. Therefore, the difference in
the coercivity mechanism of melt-spun and sintered magnets
is not directly related to the single-domain size.

Several investigators found that the magnetic properties
of melt-spun ribbons of a given composition depend on the
quench rate, i.e., on the wheel velocity V .[96–101] When plotted
as a function of the wheel velocity V , the coercive force passes
through a maximum at an optimum quenching rate (V0).

Thus, Croat et al. proposed that the peak coercivity cor-
responds to a grain size equal to the single-domain particle
size. In under quenched ribbons (V <V0), the grains are larger
than the optimum grain size, while in over quenched ribbons
(V >V0), a large portion of the material is amorphous. There-
fore, the coercive force is lower in over quenched than in un-
der quenched ribbons, which is supported by the fact that the
intrinsic coercivity of an NdFeB sintered magnet varies in-
versely with the grain size of the ultimate magnet. The grain
size in sintered magnets is usually adjusted by the temperature
and duration of the sintering cycle. Addition of dysprosium
not only enhances the magnetocrystalline anisotropy, but also
acts as an inhibitor for grain growth. Controversy still exists
regarding the composition and structure of the intergranular
layer. However, there is a general agreement that the nature of
the intergranular layer is important in controlling the coercive
force.

According to the self-pinning theory, the grain-size-
dependent coercivity in sintered magnets is possibly due to the
difference in the defect size. Larger the defect size, smaller the
coercivity is.

The peak grain size is approximately 30 nm for melt-spun
Nd2Fe14B, which is approximately one order smaller than that
of the theoretical single domain grain size D0. The coercivity
decreases for smaller grain size, which is well explained by
the hybrid model proposed by Zhao et al.[18,19,102–104] The en-
ergy barrier for the motion of the transition region between the
neighboring grains with different easy axes can be tunneled by
the thermal activation within the hybrid model, when the grain
size is smaller (approximately 10 nm for Nd–Fe–B). There-
fore, the coercivity can be improved by the grain boundary
pinning, which prevents the motion of the transition region.

There is a general agreement that the grain boundary pin-
ning is important to obtain a high coercivity in both melt-spun
and sintered Nd–Fe–B, which is consistent with the theory of
self-pinning.

4.4. Conclusions

In summary, the study of the magnetic reversal, as well as
the related coercivity mechanism has extensive technological
applications in many nanostructured fields such as permanent
magnetic materials, magnetic recording, and micromechanics.
The micromagnetic models and the related coercivity mech-
anism such as self-pinning initially proposed for a hard/soft
composite can be applied well to the so-called single-phased
permanent magnets where defects are difficult to be excluded.

The underlying mechanism of the coercivity has been a
topic of interest for many years in permanent magnets. It is
motivated by the fact that the measured coercivity approaches
only 20%–40% of the theoretical nucleation fields derived
from the micromagnetic theory as developed by Brown and
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Stoner–Wohlfarth. Crystal defects are probably responsible
for the lower measured coercivity. Therefore, two main ap-
proaches have been proposed to resolve this discrepancy. One
is a micromagnetic approach while the other is a phenomeno-
logical “global” approach. Both methods can resolve the dis-
crepancy by choosing the adequate parameters. However, their
underlying philosophies are different. The micromagnetic ap-
proach can differentiate the reversal mechanisms, whereas the
global approach cannot. Thermal activation effects are intrin-
sically considered in the “global” model, whereas they are ne-
glected in the micromagnetic approach.

The simple SW model can give an explicit formula and a
clear underlying coercivity mechanism based on the coherent
rotation of the isolated grains. Such a model is exceedingly
simple sometimes. However, it is widely used among exper-
imentalists. By contrast, the key issue of the numerical in-
vestigations is to determine an accurate mimic of the domain
wall, which can solve the problems with inherent geometric
and physical complexity in principle. This approach, however,
is sometimes exceedingly complicated, as it requires a large
amount of meshes because of the thin domain wall of the per-
manent magnets.

In this review, the recently proposed self-pinning mech-
anism has been reviewed in detail, which can be applied to
well-oriented permanent nanomagnets and sintered magnets.
The self-pinning coercivity mechanism has the attributes of
both nucleation and pinning, where a simple formula similar to
the nucleation model can be derived. The pinning field arises
from the magnetic property difference between the nucleation
center and the main phase. Such a pinning is inherently linked
to a nucleation center, which can explain the experiments sup-
porting either the nucleation or traditional pinning.
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