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Magnetization reversal and exchange coupling are investigated in Pr-Fe-B melt-spun ribbons. In
nanocomposite magnets, not only does the coercivity decrease but also magnetization reversal becomes
more non-uniform in hard grains. The non-uniform magnetization reversal, resulting in a deterioration
of squareness in hysteresis loop and a drop of the maximum Henkel plot value, mainly is caused by
random arrangement of easy axes and intergranular soft regions among hard grains even with well
exchange coupling between soft-hard grains in these ribbons. It is expected that the uniformity in
magnetization reversal could be improved with the perfection of easy axes alignment in anisotropy
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nanocomposites. V
Nanocomposite magnets consisting of a fine mixture
with magnetically hard and soft phase have attracted many
attentions because of their potential application in permanent
magnets with energy product achieving to 1 MJ/m3.1
However, the energy product obtained experimentally in laboratory is far from that predicted theoretically.2–5 The softphase provides high saturation magnetization, but effective
anisotropy and coercivity decrease simultaneously.1,6 The
mechanism of exchange coupling between grains was extensively investigated theoretically and experimentally. The
process of magnetization reversal was studied in many ways,
from nucleation of reversed domains to self-pinning at the
soft/hard grains interface.7,8 The theoretical model and the
attainable maximum energy product were questioned and
reexamined.9–13 It is widely accepted that the nanostructure,
i.e., grain size and interfacial structure, and the arrangement
of easy axes in hard grains are key factors in the improvement of magnetic properties.14
In nanocomposite magnets with an ideal microstructure,
the volume fraction of soft phase reaches 90% and thus giant
energy product is obtained theoretically.1 However, in laboratory as the volume fraction of soft-phase increases to
nearly 40%, coercivity reduces dramatically, and magnetic
properties decrease simultaneously.7 Even in the films with
microstructure more closed to theoretical model, the content
of soft-phase is limited.15–17 Most of the previous works
focused on soft-grain size and exchange coupling between
soft-hard grains.18,19 Actually, in nanocomposite magnets,
the intergrain interaction involves exchange coupling not
only between soft and hard grains but also between hard
grains. In our work, with the increase of soft-phase content,
the squareness of hysteresis loop deteriorates unfortunately,
which has rarely attracted enough attention to be investigated
deeply. For a thorough understanding of exchange-spring
magnets, in this letter, we investigate the origin of the deterioration of squareness from the angles of irreversible magnetization reversal and exchange coupling between grains.
The precursor ingots Pr-Fe-B were prepared by arc melting method under an argon atmosphere. The ribbons were

obtained directly by induction melting the ingot in a quartz
tube and then ejecting the melt onto the surface of a rotating
copper wheel. The surface velocity of copper wheel was varied in the range of 15–30 m/s in order to optimize the magnetic properties. The phase composition of the ribbons was
examined by x-ray diffraction (XRD) using Cu Ka radiation.
Magnetic measurements were performed using superconducting quantum interference device vibrating sample magnetometer (SQUID VSM) at temperature of 300 K.
Fig. 1 shows the X-ray diffraction patterns of optimally
melt-spun ribbons with compositions varied from Pr12Fe82B6
to Pr7Fe88.5B4.5. XRD confirms that all samples contain isotropic Pr2Fe14B structure phase. With a decrease of Pr
atomic percent, the intensity of a-Fe structure diffraction
peaks becomes stronger, which indicates that the content of
a-Fe increases. The phase contents are calculated from the
elemental composition assuming a two phase mixture of
a-Fe and Pr2Fe14B in these samples. In addition, via the
room temperature saturation magnetizations the a-Fe contents can also be obtained. The saturation magnetization of
sample is acquired by the formula M ¼ Ms ð1  HA  HB2 Þ, and
the room temperature saturation magnetizations of a-Fe and
Pr2Fe14B are taken as 218 emu/g and 167 emu/g, receptively.
The results for all samples with different compositions are
summarized in Table I. The data obtained with the two
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FIG. 1. The XRD patterns of all samples.
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TABLE I. Comparison of the weight fraction of a-Fe as determined by
initial nominal stoichiometry and by calculation method of saturation
magnetizations.

Composition
Pr12Fe82B6  Pr2Fe14þdB (d ¼ 0)
Pr11Fe83.5B5.5  Pr2Fe14þdB (d ¼ 1.18)
Pr10Fe84.5B5.5  Pr2Fe14þdB (d ¼ 2.9)
Pr9Fe85.5B5.5  Pr2Fe14þdB (d ¼ 5)
Pr8Fe87B5  Pr2Fe14þdB (d ¼ 7.75)
Pr7Fe88.5B4.5  Pr2Fe14þdB (d ¼ 11.3)

Theoretical Calculated
content of
content of
Ms
(emu/g) a-Fe (wt. %) a-Fe (wt. %)
165.2
168.5
172.4
176.7
181.8
187.5

0
5.8
13
20.5
28.5
36.7

0
2.9
10.6
19
29
40.2

FIG. 3. The dependence of irreversible susceptibility on reduced field. The
inset shows the main distribution of irreversible susceptibilities with different Pr atomic percent.

methods are a little different, and this may be attributed to a
little amount of residual amorphous phase at grain boundary,
which is beneficial for the improvement of magnetic properties in nanocomposites.20
Fig. 2 shows the hysteresis loops of the optimally meltspun ribbons with different Pr atomic percent. With an
increase of a-Fe content (a decrease of Pr atomic percent),
the coercivity decreases. The squareness ofÐhysteresis loop is
H
determined by the ratio of the integral 0 c M=Ms dH to
Mr =Ms  Hc (the product of remanence and coercivity) in the
second quadrant. The dependence of squareness on the Pr
atomic percent is shown in the inset of Fig. 2. With a
decrease of Pr atomic percent the squareness deteriorates.
Also explained that in all samples except Pr7Fe88.5B4.5, soft
grains are well exchange-coupled with hard grains because
the squareness does not greatly decrease, and the coercivity
keeps high among same kind of samples with same
composition.21
The decrease of coercivity has been investigated theoretically and is basically attributed to the decrease in effective
anisotropy in nanocomposites.1,6 In nanocomposites with
well exchange coupling between soft-hard grains, irreversible magnetization reversal originates from hard grains, and
in soft grains the magnetization is more reversible. In order
to further probe the potential origin of the squareness deterioration, we investigate irreversible components of magnetization. Fig. 3 shows irreversible susceptibility xirr =Ms
versus the reduced field H=Hc , which is obtained from the
recoil loops measured at temperature of 300 K. With an
increase of a-Fe content (a decrease in Pr atomic percent),

the main distribution of irreversible susceptibility (more than
0.2 times of the maximum irreversible susceptibility) is more
decentralized on H=Hc (shown in the inset of Fig. 3), which
indicates that magnetization reversal becomes more nonuniform. Without doubt, the non-uniform magnetization reversal results in the squareness deterioration of hysteresis
loop, and the question arises, what causes the non-uniform
magnetization reversal in hard grains.
In isotropic magnets each hard grain is different in
effective anisotropy with easy axes oriented randomly. In
nanocrystallines, it is that owning to exchange coupling
between hard grains the process of magnetization reversal is
cooperative and more uniform. So in nanocomposites, the
non-uniform magnetization reversal may result from weak
exchange coupling between grains.1,22 In order to check the
exchange coupling effect, Henkel plot is used, which is
defined as dm ¼ ½Md ðHÞ þ 2Mr ðHÞ=Mr  1.23,24 Here
Md ðHÞ is a remanence obtained after the application and subsequent removal of a field H in initial magnetization process
in a fresh sample, Mr ðHÞ after saturation in one direction and
then the subsequent application and removal of a field H in
the reverse direction. Positive value of dm indicates that
exchange coupling is dominant over the dipolar interaction.
Fig. 4 shows the dependence of dm on H=Hc at temperature
of 300 K for all optimally melt-spun samples. The plot of dm
versus H=Hc shows a peak at the field around coercivity
Hc . With a decrease in Pr atomic percent (an increase of

FIG. 2. The hysteresis loops of all samples. The inset shows the dependence
of squareness on Pr atomic percent.

FIG. 4. dm curves (Henkel plots) of all samples.
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FIG. 5. The reversible susceptibility versus reduced field at temperature of
300 K.

soft-phase content), the maximum value of dm decreases. It
demonstrates that the decrease of squareness and nonuniform magnetic reversal arise from the weakening of
exchange coupling between grains in nanocomposite
magnets.
In nanocomposites, exchange coupling exists not only
between soft-hard grains but also between hard grains. It
seems unreasonable to attribute the non-uniform magnetic
reversal entirely to exchange coupling between soft-hard
grains in these samples. In the formula of dm ¼ ½Md ðHÞ
þ 2Mr ðHÞ=Mr  1, Mr ðHÞ, and Md ðHÞ are remanences that
are irreversible components of magnetization. The irreversible magnetization arises from magnetization reversal in hard
grains for well exchange coupling nanocomposites. More
possibly, Henkel plots could check the effect of exchange
coupling directly between hard grains in these samples. With
these in mind, the non-uniform magnetization reversal and
the deterioration of squareness seem to result from the weakening of exchange coupling between hard grains.
To get the knowledge about the weakening effect of
exchange coupling between hard grains, we take soft
regions as intergranular layers among hard grains. Zhang
et al. presented that there is no change in the maximum
value of dm in nanocrystallines with 3 nm width intergranular layers using simulation method.25 This result nearly
consists with that for Pr11Fe83.5B5.5 ribbons, in which a-Fe
content is a little and dm value has only a little drop compared with Pr12Fe82B6 ribbons. However, the simulation for
magnets with larger width layers has not been further developed. As soft-phase content increases, the width of some
intergranular layers could be thought to increase simultaneously. As the maximum value of dm decreases greatly in
nanocomposites with large soft-phase content, magnetization reversal is assured to be more independent among hard
grains. With these in mind, the non-uniform magnetization
reversal could be understood more easily. In isotropic nanocomposites, in hard grains with easy axis much deviation
from the field direction the effective anisotropy decreases
much, thus magnetization is more probably reversed prior
to that with less deviation from the field direction. So magnetization reversal is more independent among hard grains
as if exchange coupling between hard grains becomes
weak, which results in a deterioration of squareness in hysteresis loop.
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The magnetization reversal, involving irreversible and
reversible components, depends in part on that of soft
regions and exchange coupling between soft-hard grains.22
Fig. 5 shows the dependence of reversible susceptibility
xrev =Ms on H=Hc at temperature of 300 K. With the increase
of soft-phase content the reversible susceptibility increases
whereas magnetization reversal becomes more non-uniform.
Actually, in isotropic nanocomposite magnets with a variation of anisotropy, reversible magnetization involves not
only a portion of soft phase but also of hard phase.26,27 Most
probably, owing to exchange coupling between soft-hard
grains while soft grains have strong resistance against magnetization reversal, the coercivity in hard grains decreases
and magnetization reversal of hard grains becomes more reversible rather than more dependent and uniform, especially
in isotropic nanocomposites. Ideally, it can be argued that if
each hard grain is identical in effective anisotropy with the
easy axes aligned strictly along same direction, magnetization reversal would be uniform even with independent magnetic behavior among hard grains, so the squareness of
hysteresis loop could be improved and giant energy product
could be achieved.
In summary, in nanocomposite magnets, with an
increase of soft-phase content, due to random arrangement
of easy axes and intergranular soft layers among hard grains,
magnetization reversal becomes much non-uniform, irreversible components is distributed in a more scatter range, and
the maximum value of dm drops, which result from the less
dependent magnetization behavior among hard grains. It
strongly suggests that the improvement in easy axes alignment and the thickness reduction in soft regions are necessary for further improvement of magnetic properties in
nanocomposite magnets.
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