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Abstract

The single-phase nanocrystalline FePt magnets composed of 343 irregular-shaped grains are built. The demagnetization curves are
simulated by micromagnetic finite element method. The remanence, coercivity and maximum energy product of the magnets decrease
with deteriorating grain alignment. The characteristics of variation of magnetic properties with the degree of orientation are closely
related to the average grain size of nanocrystalline magnets. The contribution of intergrain exchange coupling (IGEC) to remanence
enhancement is associated to the degree of orientation, and decreases with improved grain alignment. With decreasing grain size,
coercivity increases for anisotropic nanocrystalline magnets, which is completely different from that of isotropic nanocrystalline magnets.
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1. Introduction

FePt alloys with the L1, ordered structure have attracted
much attention because of their potential applications in
ultrahigh-density magnetic recording [1-3]. The ordered
phase of FePt system possesses high magnetocrystalline
anisotropy and allows the use of thermally stable particles
of 3-4nm in diameter as the basic unit for recording [4]. In
addition, FePt alloys are attractive as permanent magnets
because of their satisfactory mechanical strength and good
chemical stability [5,6]. In the past decades, the hard magnetic
properties of FePt alloys have been studied extensively [7-9].
However, little work has been done on nanoscaled FePt
systems. Recently, chemical method reported by the IBM
group [10—13] make it possible to use nanostructured FePt for
potential permanent magnet applications due to its advan-
tages of highly controllable particle size, size distribution and
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chemical composition. Zeng et al. [14] reported FePt/Fe;Pt
nanocomposite magnets with the mean grain size of Snm
synthesized by a chemical method, which exhibit an energy
product of 20.1 MGOe. Although the grain size of nano-
composite magnets has been reduced to less than 10 nm, the
energy product of magnets is far bellow the magic number of
144 MGOe predicted by Skomski and Coey [15]. Therefore,
improved alignment of the axes of the hard grains becomes
attractive to exploit the full magnetic potential of the
nanostructured permanent magnets.

A series of nanocrystalline magnets with different
degrees of orientation are very difficult to prepare using
the existing experimental techniques. However, the micro-
magnetic finite-element method (FEM) is effective for the
simulation of hysteretic behaviour where thermal activa-
tion is ignored [16-20]. Zhang et al. [19] have checked the
contribution of thermal activation by experiments. In their
work, Prj,Feg,Bg ribbons were measured after waiting
for 1 and 2000 s when the field reached the expected value.
A thermal activation was found at room temperature, but
the change of coercivity was much smaller than the
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corresponding coercivity. Therefore, the thermal activation
can be approximately ignored at room temperature. In this
paper, single-phase FePt nanostructured magnets with
different degrees of orientation are built and the demagne-
tization behaviour of magnets is investigated by micro-
magnetic FEM.

2. Simulation model

The numerical simulation model used to investigate
magnetization processes in ferromagnetics is based on the
continuum theory of micromagnetics. By means of FEM,
the total magnetic Gibbs free energy,

G=FEu+ Ep + Ex + Ec,

is minimized with respect to the direction of the sponta-
neous polarization J;. Here, Ey is the Zeeman energy in an
external field, Ep the dipolar interaction energy, Ey the
anisotropy energy and FE. the exchange energy. In
numerical calculations, dipolar interaction is taken into
consideration by introducing a magnetic vector potential.
A more detailed description of the simulation method used
has been given in Ref. [21].

The samples are composed of 343 irregular shaped grains
with an average diameter from 3 to 10nm as shown in
Fig. 1. In the case of uniaxial materials, the misalignment
of a grain may be described by the angle 6 between the c-
axis and the average alignment direction. The degree of
orientation is characterized by the standard deviation:

Fig. 1. Samples composed of 343 irregularly shaped grains.

where 0 denotes the average direction of easy axes and 0,
denotes the angle between the local easy axis direction
and 6. The external field H., is applied parallel to the
z-direction which is defined identical with the preferred
alignment axis, i.e. 0=0. According to experimental
studies [22], we use Gaussian distribution function for the
easy axes of oriented magnets:

(2 2
fGa.uss(e)’\'e /20 )5

where ¢’ is not identical with the standard deviation like
usually for Gaussian function because of the cutoff of the
distribution function for the angles 0,>90°.

The magnetic parameters used for the calculation at
room temperature are as follows:

Jo=138T, K, =6.63x10°T/m® and A4 =103x
10" J/m. Thus, the Bloch domain wall width is dg =
3.7nm and the anisotropy field is ugHa =12T. In
calculations, 90,000-120,000 elements are used.

3. Results and discussion
3.1. Remanence

The dependence of reduced remanence m, on the
standard deviation ¢ of f(0) is shown in Fig. 2(a).
Fig. 2(a) demonstrates that m, of ideally orientated
magnets (¢ =0) is 1.0, which suggests that all the
magnetizations in the perfectly orientated magnets are
parallel to the direction of H,, in remanent state. It is also
found that the value of m, is far larger than 1/2. The
competition between magnetocrystalline anisotropy and
exchange interaction causes a smooth transition of
magnetization from one easy direction to the other over a
width of §g. With deteriorated grain alignment, the number
of local easy axes deviating from the direction of He
increases, which results in a reduction of remenance.
Therefore, m, of magnets reduces monotonically with
increasing o as described in Fig. 2(a).

Fig. 2(a) also shows the dependence of m, on standard
deviation ¢ in the Stoner—Wohlfarth model. A rapid
reduction is obviously found in the ensemble of non-
interaction particles. In nanocrystalline permanent mag-
nets (NPMs), neighbouring grains coupled by exchange
interactions tend to align their magnetization parallel to
each other, which leads to remanence enhancement [23,24].
So, NPMs should show stronger remanence enhancement
than ensemble of non-interaction particles with the same
degree of orientation. Remanence enhancement in orien-
tated NPMs is contributed by both the orientation of local
easy axes and intergrain exchange coupling (IGEC).

The contribution of IGEC to m, in magnets with
different degrees of orientation is calculated as shown in
Fig. 2(b). It can be seen that the contribution of IGEC to
m, decreases with improving alignment of easy axes. In the
perfectly orientated magnets, the contribution of IGEC to
m, is nearly zero and calculations confirm that the value of
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Fig. 2. Dependence of reduced remanence m, on the standard deviation ¢
of f(0) (a) and Contribution of IGEC to m, in magnets with different
degree of orientation (b).

E., is very small. In NPMs, IGEC is affected strongly by
the mean grain size. The smaller the average grain
diameter, the stronger is IGEC and the larger the fraction
of interaction areas.

3.2. Coercivity

Fig. 3 shows the dependence of coercivity H. on the
standard deviation ¢ for magnets with different grain size.
H_ decreases monotonously with increasing ¢ for magnets
with a grain size of 3-10nm. In NPMs, the following
micromagnetics-based equation for the coercivity field is
proposed:

H, = 2ox0p0exHy — NegrJ s/ 1o, (1)

where o, is a microstructural parameter taking into
account the reduced surface anisotropy of nonperfect
grains; o, is a parameter considering the misalignment of
the grains in the magnets, which is equal to 0.5 for isotropic
permanent magnet (PM) and 1 for perfectly oriented PM;
0ex 18 @ dimensionless microstructural parameter dependent
on the effect of the exchange coupling between neighbour-

12
1+
o0l %
I \‘%l
9 \o\
\Q:\
£ 87 R
2 NN
T 7t N
1 -
6 -
5 _ —m— 5nm
L [—e— B6nm V\'
4 | [—A—8nm A
—v— 10nm s
3 i 1 1 1 1 1
0 10 20 30 40

G (%)

Fig. 3. Coercivity as a function of standard deviation ¢ of f(6) for
magnets with different grain size.

ing grains; Ny is an effective demagnetization factor
describing the internal stray fields acting on the grains. In
our calculation, oy is equal to 1 due to perfect intergranular
layers in our models. According to Eq. (1), coercivity field
increases with improving grain alignment, which is coin-
cident with the result of Fig. 3.

It should be mentioned that H,. of orientated NPMs
increases with decreasing grain size in the case of <20,
which is completely different from that of isotropic NPMs
[25,26]. IGEC forces magnetization to deviate somewhat
from the local easy axis in NPMs. It not only leads to
remanence enhancement, but also results in nucleation field
diminution. Therefore, H. of exchange-coupled PM is
always smaller than that of decoupled PM. The stronger
the IGEC, the smaller the H. of NPMs. In orientated
NPMs, H. is affected not only by the grains alignment, but
also by the strength of IGEC. The following formula is
attempted to describe H, in orientated NPMs:

He=He+ Hyyp. (2

Here, H., denotes the contribution of IGEC to H. and
H,, describes the contribution of grain alignment in the
Stoner—Wohlfarth model. The Stoner—Wohlfarth model
suggests nucleation field Hy as the following equation [27]:

~ 2K,
N Js cos ¢(1 + tan?/3 ¢p)*/?

Here ¢ is the orientation angle of the magnetic field. It
can be deduced from Eq. (3) that, with increasing ¢, Hn
decreases rapidly in the case of ¢<40°. According to
Eq. (1), H,, increases with improving grain alignment and
is positive all the time in our calculations. H. of
anisotropic nanoscaled magnets is significantly affected
by both IGEC and grain alignment, and varies from
positive to negative value with deteriorating grain align-
ment.

(€)
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Fig. 4. (BH)max as a function of standard deviation ¢ of f(6) for magnets
with different grain size.

3.3. Maximum energy product

Fig. 4 summarizes the maximum energy product (BH)ax
as a function of the standard deviation ¢ for the magnets
with different grain size, which is very similar to the result
of Fig. 2. As the coercivity field of the calculated magnets is
higher than one-half of the remanence, (BH),,,., sensitively
depends on the remanence according to the theoretical
upper limit of isotropic samples:

1
(BH)p0x = ™ JZ. 4)
This result agrees with an enhancement of (BH),,., with
increasing remanence.

3.4. Exchange and anisotropy energy at remanent state

Fig. 5 shows the dependence of exchange energy E., and
anisotropy energy Ej on the standard deviation ¢ for the
magnets with different grain size at remanent state. It is
clear that both E. and Ej, reduce monotonically with
improving orientation of magnets. For the perfectly
oriented magnets, both E,, and Ey are approximately zero
at the remanent state. According to the expression of E, in
micromagnetism [28,29], E., is related to the angle between
the neighbouring grains. For the ideally orientated
magnets, magnetization vectors in the grains are all parallel
to the direction of applied field at remanent state, i.e. all the
angles between the neighbouring grains is zero. At the same
time, all the local easy axes of the perfectly orientated
magnets are parallel to the direction of applied field. The
number of local easy axes which deviate from z-direction
increases with increasing o. On the other hand, IGEC
forces magnetization to somewhat deviate from the local
easy axes, which results in an enhancement of Ej, with
increasing o.
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Fig. 5. Dependence of exchange energy E., and anisotropy energy Ej on
standard deviation ¢ for magnets with different grain size at remanent
state.

4. Conclusions

The orientated NPMs show high remanence due to the
contribution of both IGEC and improved grain alignment.
The value of remanence is determined by the competition
of exchange energy E., and anisotropy energy Ejy at room
temperature. As the neighbouring grains are coupled by
strong exchange interaction in FePt magnets with the grain
sizes of several nanometres, Ey increases more rapidly with
the deterioration of grain alignment than FE,,. The
contribution of IGEC to coercivity is complicated, which
is positive for the magnets with perfect orientation of easy
axes and varies from positive to negative with deteriorating
grain alignment. IGEC plays an important role in the
magnetic properties of nanoscaled permanent magnets with
the orientation of grain alignment.
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