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The irreversible magnetization occurs mainly in hard grains in nanocomposite magnets, and the domain
wall involves a little part of defect region in irreversible magnetization due to the self-interaction. The
investigation on thermal activation shows that the defect region involved in domain wall becomes
narrower due to the TiNb addition in Pr2Fe14B/α-Fe magnets. The defect region augments the energy
density in the negative direction of domain wall to overcome the energy barrier of perfect hard region.
The soft phase, exchange-coupled with defect region at hard grain outer-layer, promotes magnetization
reversal in defect region by exchange coupling. While the defect region plays a role as a ladder to
overcome the energy barrier, resulting in the decrease of coecivity more or less depending upon the
width and anisotropy of defect region.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Giant energy product is expected in nanocomposite magnets
which combine the merits of magnetically soft and hard phases
while maintaining a uniform magnetic behavior [1–6]. However,
the applied field promotes magnetization reversal more easily in
soft phase, and magnetization reversal behavior is incoherent near
the interface in irreversible magnetization [7,8]. A slight change of
interfacial structure results probably in a large variation in coer-
civity [9,10]. The atomic interdiffusion [11–13], the aggregation of
nonmagnetic elements at the interface [14], the graded or rigid
interface can strongly affect the magnetization reversal [15,16]. It
is interesting to know how the magnetization reversal undergoes
near the interface and what significantly affects the coercivity in
nanocomposite magnets.

Coercivity is the resistance to demagnetization and determined
by the irreversible magnetization [17,18], which occurs at grain
outer-layer for reversed domain nucleation [19,20]. In magneti-
zation reversal, the applied field promotes the magnetic disorder
[21], and the nucleation of reversed domain is actually incoherent
magnetization behavior accompanied by the increase of domain
wall energy [22]. The smaller domain wall implies more in-
coherence and higher disorder degree of magnetic moments with
high exchange energy density, and the coercivity is strongly de-
pendent on the domain wall size in irreversible magnetization
enbg@iphy.ac.cn (B.-g. Shen).
[18]. So the coercivity is closely related with the evolution of en-
ergy in the nucleation process of reversed domain wall. Thermal
activation is irreversible magnetization resulting from the over-
coming of energy barrier [23,24], which provides a novel method
to investigate the coercivity from the angle of energy competition
[18]. The addition of nonmagnetic or refractory elements may
perfect grain boundary and regulate the behavior of magnetization
reversal [13,25]. Here we probe the variation of domain wall size
for Pr2Fe14B/α-Fe magnets with the doping of Ti and Nb. It is ex-
pected that these investigation could contribute to the substantial
understanding on the energy evolution for the nucleation of do-
main wall in determining coercivity.
2. Experimental procedure

The ingots with nominal compositions varying from
Pr9Fe85.5B5.5 to Pr9Fe82.5Ti2Nb1B5.5 were prepared by arc melting
method under an argon gas. The ingot was re-melted by induction
melting in quartz tube and the ribbons were obtained by ejecting
the melt onto the surface of a rotating copper wheel by pressur-
ized argon. The wheel surface was polished under rotating state
using the 1000-grit paper. The optimum surface velocity of copper
wheel was 21.5 m/s for Pr9Fe85.5B5.5, and that was decreased for
adapting the doping of the refractory metal TiNb in order to op-
timize coercivity and the squareness of hysteresis loop. The phase
constitution was examined by x-ray diffraction (XRD). Magnetic
measurements were performed using superconducting quantum
interference device (SQUID) vibrating sample magnetometer
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Table 1
Magnetic properties at temperature of 300 K for Pr-Fe-B ribbons prepared with the
optimal wheel surface velocity.

Composition Surface Hc (kOe) Mr Squareness (BH)max
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(VSM). The microstructure and domain structure were observed
using a Tecnai F20 Transmission Electron Microscopy (TEM), and
the domain structures were recorded using Fresnel mode with the
objective-lens off.
velocity
(m/s)

(emu/
g)

(MGOe)

Pr9Fe85.5B5.5 21.5 6.07 124.1 0.767 21.13
Pr9Fe84.5Ti0.5Nb0.5B5.5 16 7.10 123.4 0.785 22.90
Pr9Fe84Ti1Nb0.5B5.5 14 7.54 121.8 0.754 21.32
Pr9Fe83.5Ti1Nb1B5.5 12 9.27 116.0 0.778 22.30
Pr9Fe82.5Ti2Nb1B5.5 10 10.99 112.7 0.759 21.45
Pr11Fe83.5B5.5 24 11.79 110.9 0.834 22.97
3. Results and discussion

The hybrid structure containing isotropic Pr2Fe14B and α-Fe
phases is confirmed by XRD in these Pr-Fe-B ribbons (shown in
Fig. 1). Due to the broadening of diffraction peaks some peaks are
nearly overlaps in the XRD pattern, such as the Pr2Fe14B (006) and
α-Fe (110) peaks. In nanocomposites the peaks at α-Fe (110) po-
sition are much stronger than that in Pr9Fe85.5B5.5 ribbons, which
should be attributed to the larger amount of α-Fe phase. Owing to
nearly the same diffraction peak intensities near (110) position the
amounts of α-Fe are assumed to be the same among these nano-
composites. Using Jade software it is estimated that the average
grain sizes are all in the range of 20–30 nm. Fig. 2 shows the
hysteresis loops for the optimally melt-spun ribbons, and that of
nanocrystalline Pr11Fe83.5B5.5 ribbons are also shown for a com-
parison. With the increase of TiNb atomic percent, the coercivity
increases simultaneously. Table 1 lists the magnetic properties and
the optimal wheel surface velocity in melt spinning for these
ribbons. Coercivity was obtained by performing standard
Fig. 1. The XRD patterns of all samples.

Fig. 2. The hysteresis loops for nanocomposite and nanocrystalline magnets at
temperature of 300 K.
demagnetization measurements and determined in the irrever-
sible magnetization [18]. Thermal activation, resulting from the
overcoming of an energy barrier with the driving of thermal
fluctuation [26,27], is the irreversible magnetization and reflects
the activation size dependence of coercivity [18,28]. The magne-
tization behaviors of thermal activation were obtained in the fol-
lowing method. Firstly, the sample was magnetized to saturation
in the positive direction. Next, applied a negative field, kept the
field fixed for 1200 s of waiting time and then increased it at a low
sweep rate of 10 Oe/s. According to the tangents of magnetization
curve the aftereffect field is obtained (shown in Fig. 3(a)), which
corresponds to the fluctuation field Hf [26]. The activation size
dactive is obtained by the formula, =d vactive

3 , where activation
volume =v k T H M/B f s (kB¼1.38�10�23 J/K, T ¼300 K, Ms¼1.55 T).

In the critical behavior of irreversible process, domain wall
energy approaches nearly to a maximum, domain wall size re-
duces nearly to the minimum, and thermal activation occurs
mainly in hard grains [18]. The activation size is actually the
minimum unit of self-interaction swept in the thermal activation
[29,30], which could be regarded as the reversed domain wall size
in the critical behavior [18,30]. The ideal domain wall size δm is
about 3.7 nm for Pr2Fe14B magnets [26]. But as shown in Fig. 3(b),
all of the activation sizes are a little larger than the ideal size, and
the doping of Ti and Nb leads to the decrease of dactive. There are
three regions near the interface, i.e., perfect hard region, defect
region (transition region) and soft region [7]. The nucleation of
reversal domain begins in defect region at grain boundary, but
irreversible magnetization reversal occurs mainly in perfect hard
region [19]. So it is the exchange coupling between the defect and
perfect hard regions in the activation volume that promotes
magnetization reversal and lowers the barrier of nucleation in
perfect hard region [18]. The decrease of dactive suggests that the
volume fraction of defect and/or soft region in domain wall is re-
duced, the exchange coupling length is decreased, and therefore
magnetization reversal becomes more incoherent, which seems to
be responsible for the coercivity enhancement.

Henkel plots, defined as δ = ( ) + ( ) −⎡⎣ ⎤⎦m M H M H M2 / 1r d r [31],
could reveal the exchange coupling effect in nanoscale isotropic
magnets. Here ( )M Hr and ( )M Hd are the initial remanence and
demagnetization remanence, respectively, and Mr is the saturation
remanence. The positive δm value, indicating a strong exchange
coupling between grains over the dipolar effect, doesn’t decrease
for nanocomposites with TiNb doping (shown in Fig. 4). But the
negative maximum of δm value decreases, implying the weaken-
ing of dipolar effect. In nanocrystalline Pr11Fe83.5B5.5, the larger
maximum of δm is due to the rather low amount of soft phase [32].
This fact suggests that the doping of TiNb doesn’t cause weakening
effect of exchange coupling and the variation of δm value is not
responsible for the lowering of the barrier of nucleation in perfect
hard region.

Suppose that the exchange constants are the same near the
interface in these nanocomposite magnets. Owing to the



Fig. 3. (a) The magnetization behaviors of thermal activation for 1200 s of waiting
time at temperature of 300 K. (b) The activation size dactive and ideal domain wall
size δm at temperature of 300 K.

Fig. 4. δm curves (Henkel plots) for all samples at temperature of 300 K.

Fig. 5. The dependences of μ H J/c s0 on μ H J/N s0
min for all samples.
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incoherent magnetization reversal, the magnetocrystalline aniso-
tropy energy in hard phase is overcome not only by the Zeeman
energy of an applied field and the dipolar interaction energy, but
by exchange energy near the interface [22]. The more incoherent
magnetization behavior implies high exchange energy in the nu-
cleation of reversed domain wall. Magnetization behavior is more
incoherent in high coercivity magnets among these nanocompo-
sites, so the sum of exchange energy and Zeeman energy is larger
than that for low coercivity magnets in irreversible magnetization.
The doping of TiNb doesn’t change magnetocrystalline anisotropy
of hard phase and the energy barrier [33], why is the energy
barrier overcome by high exchange energy and Zeeman energy in
high coercivity magnets, and why is magnetization reversal more
incoherent? It is necessary to make it clearer about the magneti-
zation reversal from soft to hard phase.

Magnetization reversal could be checked by Kronmüller for-
mula, μ μ( ) ( ) = ( ) ( ) −H T J T a a H T J T N/ /c s K ex N s eff0 0

min [2,34]. Here micro-
structure parameter aK takes into account the effect of reduced
surface magnetocrystalline anisotropy on the coercivity, and aex
describes the average anisotropy reduced by the exchange cou-
pling effect. =H K J/N s

min
1 , denoting the ideal nucleation field for

isotropic magnets [35]. Neff is an demagnetization factor describing
the internal stray fields acting on the grains. As shown in Fig. 5, the
coercivity keeps a liner relationship with the ideal nucleation field
of Pr2Fe14B, suggesting that magnetization reversal undergoes
nucleation process of reversed domain in hard phase [35]. In ad-
dition, Neff decreases for the TiNb doping, indicating that internal
stray field reduces, leading to the weakening of dipolar effect,
which is well consisted with the observation on the negative value
of Henkel plots.

As shown in Fig. 5, a aK ex value increases for the TiNb addition.
Due to the same volume fraction of α-Fe phase implied in Fig. 1, aex
is assumed to be the same among these nanocomposites [2,34]. So
the difference of a aK ex values and coercivities mainly lie in the
parameter aK , which is similar to that in nanocrystalline magnets
[18], indicating that the defect region at hard grain outer-layer and
the self-interaction between defect and perfect regions are crucial
to the magnetization reversal and coercivity [18]. The perfect hard
region bears high magnetocrystalline anisotropy as a skeleton
against magnetization reversal in soft phase due to the exchange
coupling. However, the existing of defect region changes the nat-
ure of exchange coupling. The soft phase is actually exchange-
coupled with defect region, and the defect region is coupled with
perfect region. In the 180° Bloch wall, the magnetic moments of
perfect region part are in the positive direction, and those of defect
and soft regions are in the negative direction. Considering with the
anisotropy in defect region, the energy density is increased in
defect region and approaches to that in perfect hard region in ir-
reversible magnetization. So the magnetocrystalline anisotropy
barrier of the perfect hard region is overcome not only by the
exchange energy, Zeeman energy and dipolar interaction energy,
but also by the anisotropy energy of defect region. The anisotropy
in transition region assists magnetization reversal, and therefore it
needs a low applied field in the irreversible magnetization.

It was reported that Mo and Ta could inhibit atomic over-dif-
fusion and prevent the deterioration of hard grain boundary
[13,36]. Bearing these in mind, refractory elements Ti and Nb may
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mainly aggregate in the tri-junction areas or exist at the interface
[14,25], keeping hard grain boundary more perfect, which is the
origin of an increase of aK . The defect region becomes narrower
and the variation of anisotropy from the maximum to zero is
abrupt in defect region. So the average energy of reduced aniso-
tropy becomes lower near the perfect region, and there needs to
increase the applied field and exchange energy to overcome the
energy barrier.

The applied field promotes magnetization reversal in defect
region that plays a role as a ladder to overcome the energy
barrier. The soft phase also promotes magnetization reversal
in defect region by exchange coupling. For nanocomposite
Pr9Fe82.5Nb2Ti1B5.5, in irreversible magnetization the exchange
energy is higher in defect region compared to that of nanocrys-
talline Pr11Fe83.5B5.5, but the coercivity is nearly the same (shown
in Fig. 2). This fact is attributed to the effect of soft phase on the
magnetization reversal. The soft phase decreases the applied field
for reversed domain nucleation in defect region [1], so there needs
higher exchange energy to overcome the energy barrier of perfect
hard region.

Coercivity is also dependent on the grain size [37]. In micro-
meter scale grains, if the defect or soft region has large size, the
nucleation of reversed domain occurs easily in defect or soft re-
gion under a lower applied field, which may promote the reversed
domain nucleation in hard region and result in the decrease of
coercivity. There are three critical sizes to affect significantly the
coercivity [38]. According to the formula δ π= A K/m , the domain
wall size δm in defect or soft region is larger than that of hard
phase due to the rather low value of K . As the grains size decreases
to nanoscale less than the domain wall size of the defect or soft
region, the nucleation of reversed domain can’t occur alone in the
defect or soft region, but occurs across the multi-grains by the
assisting of the interfacial exchange coupling, so the nucleation
field increases. Since the interfacial exchange effect is generally
weaker than that inside of gains, it needs higher applied field to
promote the nucleation of reversed domain in neighbor grains,
which is consistent with the fact that the interface has the pinning
effect for the domain wall motion due to the weak intergranular
exchange coupling [39]. As the particle size decreases to approach
the second critical size, i.e., domain wall size of hard region, the
magnetization reversal changes from incoherent to coherent ro-
tation in the isolated particles [37], and the coecivity reaches to a
maximum [37,38]. As the grain size further decreases to the
Fig. 6. The bright field images of (a) Pr9Fe85.5B5.5 ribbon and (b)
superparamagnetic size, the coercivity declines due to the thermal
fluctuation effect.

In the melt-spun ribbons the microstructure is inhomogeneous,
the grain size varies from the free surface to near wheel surface,
and there exist the amorphous phase, minor phase and soft phase.
Due to the well squareness of hysteresis loop, these phases are
well exchange-coupled with hard grains in magnetization reversal.
Some hard grains have the small crystalline size less than the
domain wall size and bear high magnetocrystalline anisotropy.
However, due to the exchange coupling with soft or amorphous
phase, the nuclei of reversed domain in soft or amorphous phase
promote magnetization reversal firstly at hard grain boundary. So
magnetization reversal should undergo the nucleation of reversed
domain from soft phase to hard phase rather than as that of the
isolated particles [37]. The variation of grain size, the interface and
the amount of soft and amorphous phase may affect the exchange
energy in the nucleation of reversed domain, but doesn’t change
the mode of magnetization reversal from soft to hard phase.

In addition, the microstructure and domain structure were
checked for Pr9Fe85.5B5.5 and Pr9Fe82.5Ti2Nb1B5.5 ribbons using
TEM. The grain morphologies are shown in the bright field images
of Fig. 6(a) and (b), respectively. There is no much difference in
microstructure between the two samples but some grains have
larger size in Pr9Fe85.5B5.5. The inhomogeneous distribution of
grain size could enlarge the dipolar interaction, more or less, re-
sulting in an increase of stray field, which is reason why negative
δm and Neff are larger in Pr9Fe85.5B5.5 ribbons. The Fresnel-Lorentz
domain structures at over-focus states are shown for the two
samples in Fig. 7(a) and (c), respectively. The curved black/white
contrast responds to domain wall separated by domains. The do-
main walls, staying at the hard grain boundary in remanence state,
are much more evident in Pr9Fe85.5B5.5, which may be ascribed to
their larger size and so is well consisted with the observation on
the activation size. In addition, as shown by triangles in under-
focus state (shown in Fig. 7(b)) and over-focus state of Fig. 7(a),
some individual vortex-like spots form mainly at domain bound-
ary in Pr9Fe85.5B5.5. These vortex domain structures results from
the combined effects of strong intergranular exchange coupling
and randomly oriented hard grains [40], which demonstrates the
enlarged coupling length near the interface for Pr9Fe85.5B5.5.
Pr9Fe82.5Ti2Nb1B5.5 ribbon, showing the grain morphology.



Fig. 7. The corresponding Fresnel-Lorentz domain structures at (a) over-focus state
and (b) under-focus state of Pr9Fe85.5B5.5 ribbon, and at over-focus state of
(c) Pr9Fe82.5Ti2Nb1B5.5 ribbon.
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4. Conclusions

In summary, the domain wall size is investigated by the mea-
surement of thermal activation in Pr2Fe14B/α-Fe magnets. It pro-
poses that the domain wall involves a little part defect region and
that the soft phase is exchange-coupled with the defect region
rather than with the perfect hard region. The magnetocrystalline
anisotropy of perfect hard region is overcome not only by the
exchange energy and Zeeman energy, but by the anisotropy energy
in defect region. The soft phase assists magnetization reversal in
defect region by exchange coupling, and the defect region in-
creases the anisotropy energy in negative direction of domain wall
to overcome the energy barrier. The diminishing of defect region is
beneficial to reduce the anisotropy energy in negative direction of
domain wall and to increase the coercivity.
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