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It has been well known that recoil loop openness is related to soft-phase presence in
exchange-coupled hard-soft nanocomposite magnets. Our study on recoil loop openness of

exchange-coupled nanocrystalline magnets

(both

single-phase and composite) using a

micromagnetic finite-element method has revealed that the recoil loop openness is also due to
decreased grain size. Open recoil loops exist in single-phase magnets as well. Simulation of
magnetization distribution in both nanocrystalline single-phase magnets and nanocomposite
magnets shows that the openness of the recoil loops is correlated with unstable magnetization
behavior in grain boundary and soft-phase regions, which is attributed to high energy state caused
by exchange coupling in these regions. The simulation results are supported by experimental
data. © 2009 American Institute of Physics. [DOI: 10.1063/1.3127226]

Magnetically hard/soft exchange-coupled nanocompos-
ites show enhanced magnetic properties due to intergrain ex-
change interactions.'™ Strength of the intergranular ex-
change coupling in these types of materials can be evaluated
by measuring the remanence ratio or recoil loops. Analysis
of recoil loops can provide deep physical insight into mag-
netization reversal behavior in nanocomposite magnets.“f13
However, physical origin of the open recoil loops in nano-
crystalline magnets is still not well understood." ™" Tt is
commonly accepted that the open recoil loop phenomena
were resulted from exchange decoupled soft phase in a nano-
composite magnet.4_10 Recently, the recoil loop openness
was found to be related to the inhomogeneity in the magnetic
anisotropy,“ unstable magnetic moments affected by thermal
ﬂuctuation,12 and variations of exchange interactions in
nanocomposite magnets.13 It seems that the origin of open
recoil loops in nanocrystalline magnets is more complex than
what was previously thought and needs to be further studied.

Micromagnetic simulation is an effective method to
study magnetization behaviors inside nanostructured mag-
nets since it gives a clear physics explanation on mechanisms
of magnetization distribution and reversal.'*™'° In this work,
we extend our study from nanocomposite magnets to single-
phase magnets as well, to investigate the origin of recoil loop
openness in exchange-coupled nanocrystalline magnets by
using a micromagnetic finite-element method. It is revealed
that not only the soft phases but also grain boundaries con-
tribute to openness of the recoil loops.

The equilibrium magnetization distribution under exter-
nal magnetic field is calculated by the minimization of the
total magnetic Gibbs free energy. It should be mentioned
here that a magnetic vector potential was introduced to cal-
culate the upper bound of the stray field energy, which was
suggested by Brown.”’ The resulting open-boundary problem
can be treated by a parallelepipedic shell transformation,
which transforms the infinite exterior space of the magnet on
a shell around the magnet.21 A brief description of the micro-
magnetic finite-element method used to discrete the magnets
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was reported in our previous works and more details

can be found in the works by Schrefl et al.** and Fisher et
al.”* An isotropic single-phase magnet was constructed by
assembling of 64 cubic Nd,Fe ,B grains with random orien-
tation, as shown in the inset of Fig. 1(a). A hard-soft phase
nanocomposite magnet was constructed by filling the mag-
netically soft a-Fe phase into the space between the
Nd,Fe 4B hard-phase grains, as shown in the inset of Fig.
1(b). The size (edge length L) of the Nd,Fe,B grains varies
from 10 to 50 nm, while the thickness of the a-Fe layers (z)
varies from O to 6 nm. The material parameters of the two
phases used in this work were adopted from Ref. 14.

Figure 1 shows a simulated recoil loop of the single-
phase sample (L=20 nm) and the nanocomposite sample
(L=20 nm and =3 nm). The recoil loop openness will be
defined and quantitatively discussed later. We will also see
that recoil loops with their tips at coercive fields have the
maximum openness. It is striking to see that the recoil loops
of a single-phase magnet are also open, though the openness
of the simulated nanocomposite magnet is larger than that of
a single-phase sample. This result indicates that the open
recoil loops are not only related to a soft phase in a nano-
composite but also to grain size of the nanocrystalline mag-
net. For years, the phenomenon of open recoil loops is con-
sidered only as a result of soft-phase effect in a composite
magnet, which is probably related to the fact that grain size
in conventional single-phase magnets is usually very large
compared to the size range studied for recoil loop phenom-
enon in this work.

To quantitatively describe a recoil loop, we use
AJ (H)=[J,(H)~Jq4y(H)] as its openness where J,,,(H) and
J4(H) are the magnetization values of the upper and lower
branches on the recoil loops under an applied field H. The
maximum AJ, (H) value in each recoil loop (with maximum
reversing field Hy) was defined as AJy(Hg). The detailed
definition can be found in Refs. 12 and 24. Figure 2(a) shows
the dependence of AJ'(Hg) on Hy of the single-phase mag-
nets with different grain size. The high peak value in the
AJ7(Hg) ~Hpy curves means a large recoil loop openness.
Interestingly, it has been observed that the recoil loop open-
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FIG. 1. (Color online) The recoil loops with maximum openness of (a) the
single-phase magnet with L=20 nm and (b) the nanocomposite magnet with
L=20 nm and t=3 nm. The insets shown in the third quadrant are the
three-dimensional model of single-phase and hard-soft phase nanocomposite
magnets. L and ¢ represent the grain size of Nd,Fe 4B phase and the thick-
ness of soft @-Fe phase layer. The insets in the right side give the magneti-
zation distributions at different magnetic history, i.e., upper and lower
branches of recoil loop under field H=H/2. The color red and blue (light
and dark in print version) in the distributions represent the magnetic mo-
ments with deviation to up and down, respectively. To illustrate the magne-
tization distributions clearly, the slice plane of only four grains was selected
instead of the whole sample.

ness increases with decreasing grain size, indicating that the
intergranular exchange-coupling interactions in single-phase
magnets also play an important role in the occurrence of
open recoil loops. To verify the simulated result, Fig. 3
shows the recoil loops of ball-milled Nd,Fe,,B single-phase
magnets with different grain size. The Nd,Fe 4B nanocrys-
talline powders (the particle size is about 20—50 wm) with
grain size 15+ 2 and 28 £3 nm were obtained by ball mill-
ing amorphous NdFeB powders and by annealing the pow-
ders at 500 and 700 °C for 30 min, respectively. The recoil
loops were then measured by fixing the powders in the ep-
oxy. It was observed clearly that the experimental result
agrees with the simulations that the single-phase magnets
have open recoil loops and the openness decreases with in-
creasing grain size. Similar results have also reported in
SmCos magnets and SmCos/a-Fe nanocomposite
magnets.24 Figure 2(b) compared the recoil loop openness of
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FIG. 2. (Color online) The dependence of AJ(Hy) on the maximum rever-
sal field Hy, for (a) the single phase magnets with different grain size and (b)
the nanocomposite magnets with different soft-phase layer thickness while
keeping L=20 nm.

the magnets with different thickness of the soft-phase layer.
As one can see that the recoil loop openness increases with
increasing soft-phase thickness (soft-phase content) for the
nanocomposite magnets, which confirms that the soft phase
contributes to the open recoil loops.

Given the contribution to recoil loop openness from
grain boundaries and soft phases, further exploration of the
nature of open recoil loops becomes desirable. What in com-
mon between the grain boundary effect and soft-phase effect
is intergranular exchange interactions. Since the intergrain
exchange coupling (either between the same phase, or be-
tween different phases) always leads to the deviation of mag-
netic moments in grain boundary regions from easy-axis di-
rections of the grains,3’l4_19 it is natural to assume that the
exchange energy distribution over a nanocrystalline is related
to the origin of open recoil loops. The static micromagnetic
algorithm in this work is based on the minimization of Gibbs
free energy, so we can calculate the energy distribution in the
whole sample. Figures 4(a) and 4(b) show the exchange en-
ergy distribution along two adjacent hard-phase grains in a
single-phase magnet and along the soft-phase layer in a
nanocomposite magnet. It is very striking to see that the
exchange energy increases very fast when approaching to a
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FIG. 3. (Color online) The experimental recoil loops of the Nd,Fe,B
single-phase magnets with different grain size.
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FIG. 4. (Color online) The exchange energy distribution along (a) two ad-
jacent hard grains for the single-phase magnet and (b) two adjacent hard
grains through the soft-phase layer for the nanocomposite magnet. 6 is the
angle between two easy-axis directions of the adjacent magnetically hard
grains.

grain boundary for both single-phase and nanocomposite
magnets, especially when two adjacent grains have large
angle between two easy-axis directions. Surprisingly, the in-
crease is much dramatic in case of single-phase magnets. It is
not difficult to imagine that the high local exchange energy
in grain boundary regions makes the magnetization configu-
ration unstable.

One can better understand the origin of an open recoil
loop by comparing the magnetization distributions in the
single-phase and nanocomposite magnets [as shown in the
insets of Figs. 1(a) and 1(b)]. First, the unstable magnetic
moments in the grain boundary and/or soft-phase regions
reverse under an applied relatively large external field of Hg.
These moments keep reversed with removing external field
unless the external field is small enough or is totally removed
(lower branch of recoil loops). The unstable magnetic mo-
ments are now exchange-coupled with those in the adjacent
hard grains if the external is removed. They will not reverse
easily by reapplying a small external field (upper branch of
recoil loops). Thus, an open recoil loop is formed owing to
the irreversible magnetic moments in the grain boundary
and/or in the soft-phase regions. The irreversible magnetiza-
tion behavior is in turn due to the competition of exchange
coupling between the adjacent hard grains which have large
deviation angle between the stable magnetic moments in
each grain core. Therefore, the more adjacent hard grains
with large deviation angle are, the larger the recoil loop
openness will be. This explains why the highest AJ.(Hy)
value is always taking place when Hj is at the coercive
field."** Tt is also important to mention that the magnetic
moments in the soft phase may be more unstable by nature
since the magnetocrystalline anisotropy of soft phase is
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much lower than that of hard phase even the exchange en-
ergy in the soft-phase region is lower than that in grain
boundary region in single-phase hard magnets (as shown in
Fig. 4). Hence, the contribution to the recoil loop openness
from the grain boundary is less pronounced than that from
the soft phase, given the grain size around 20 nm.

In summary, it has been revealed through this investiga-
tion that the recoil loop openness is not only caused by in-
clusion of a soft magnetic phase in a nanocomposite magnet
but also by grain boundaries. The latter was neglected in
previous research on single-phase magnets because little at-
tention was paid to nanocrystalline single-phase hard mag-
nets. The magnetization distribution in a simulated magnet
clearly shows that the openness of the recoil loops is attrib-
uted to magnetization reversal behavior in grain boundary
and/or soft-phase regions, where the magnetic moments are
unstable due to the high exchange energy.
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