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Micromagnetic finite element method is used to simulate magnetic properties of FePt/Fe3Pt
exchange-coupled nanocomposites. Numerical results show that the maximum energy product
sBHdmax about 34.6 MGOe can be obtained for the 3-nm-scale isotropic magnets with the volume
fraction of soft Fe3Pt phasevs=15%. The appearance of touched soft grains causes the decrease of
reduced remanencemr whenvs exceeds 20%. Coercivity decreases with the simultaneous decrease
of Ds andDh, whereDs andDh are the grain sizes of soft and hard phases, respectively. Only under
the prerequisite of sufficiently largeDh, the coercivity can be improved remarkably by decreasing
Ds below twice the domain wall width of hard phase. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1792812]

I. INTRODUCTION

Nanocomposite magnets consisting of exchange-coupled
hard and soft magnetic phases have attracted much attention
due to their giant energy productssBHdmax.

1–8 A critical re-
quirement for the exchange coupling is that the dimension of
the soft phase should be comparable to twice the domain
wall width of the hard phase, which is typically on the order
of 10 nm according to the quasi-one-dimensional model.1

Additionally, the alignment of the easy axes of hard phase is
needed for high performance. However, the ideal nanostruc-
tured composites are very difficult to prepare experimentally
by using conventional techniques like rapid solidification or
mechanical alloying.3–6 The permanent magnets prepared in
this way are isotropic and their soft grain sizes are larger
than 10 nm. As a consequence, theirsBHdmax are only about
20 MGOe. Using magnetron sputtering techniques,7 Liu et
al. obtained asBHdmax up to 50 MGOe in Fe-Pt nanocom-
posites with the texture of hard grains.8 Recently, grain sizes
of isotropic nanocomposite FePt/Fe3Pt have been decreased
to 5 nm by nanoparticle self-assembly method,9–12 where
FePt is a magnetically hard phase and Fe3Pt a soft phase.
Thus, it is interesting to investigate how largesBHdmax can
be achieved for isotropic magnets in future experiments.

Isotropic nanocomposite permanent magnets are of a
special benefit to commercial application. How large is the
theoretical limit ofsBHdmax and what kind of behavior may
be observed when the grain size is smaller than 10 nm? In
this work, we try to answer such questions and make clear
the grain size dependencies of remanence and coercivity for
the nanocomposites with small grains.

II. SIMULATION MODEL

Micromagnetics based numerical simulation is an effec-
tive tool to investigate magnetization process.13–15There are
different numerical schemes in micromagnetics. For ex-
ample, the Landau-Gilbert equation is usually used for dy-

namic calculation. The static calculation minimizing the en-
ergy of the system is widely used to find a magnetization
distribution, so it is approved for the simulation of a mag-
netic hysteresis loop. By means of finite element method, the
total magnetic Gibbs free energyG,

G = FK + Fex+ FS+ FH, s1d

is minimized with respect to the direction of the spontaneous
polarization Js. Here, FK is the magnetocrystalline aniso-
tropy energy,Fex is the exchange energy,FS is the strayfield
energy, andFH is the Zeeman energy in an external field
Hext. In order to use standard numerical optimization meth-
ods, it is necessary to find a discrete form of the energy
function as a function ofJs only. All energy terms but the
strayfield energy depend only on the local magnetization.
The long-range nature of the dipolar interaction can be math-
ematically eliminated by introducing a vector potentialA as
shown by Brown.16 Thus, the strayfield energyFS can be
approximated by an upper bound as follows:

FSø
1

2m0
E s¹ 3 A − Jsd2d3r . s2d

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.17 The finite element discretization of Eq.(1) leads to
a large-scale nonlinear optimization problem. The so-called
preconditioned, limited memory quasi-Newton conjugate
gradient method18 is proved to be the most efficient for such
large-scale problems. We must point out that the present mi-
cromagnetic algorithm does not take into account thermally
activated processes. The magnetic parameters used for the
calculation at room temperature are as follow:19–21 Js

FePt

=1.38 T, K1
FePt=6.63106 J/m3, AFePt=1.0310−11 J/m, and

Js
Fe3Pt=2.0 T. It is reasonable to assume thatK1

Fe3Pt

=K1
FePt/100 andAFe3Pt=2AFePt since Fe3Pt is the magnetic
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soft phase. Thus, the domain wall widthdB=pÎA/K1 of FePt
is about 3.9 nm.

Our recent calculations,22 and those of Griffithset al.,23

show that the unsuitable sizes of computational region and
finite element can lead to large numerical errors. To avoid
systematic error, we have calculated the demagnetization
curves of the single phase FePt magnets using the samples
with 216 and 729 grains. Although the demagnetization
curves of the sample with 729 grains are smoother than those
of the sample with 216 grains, the relative difference of the
extracted coercivity(remanence) between two samples is
smaller than 3%. Thus, the sample consisting of 216 irregu-
larly shaped grains is adopted for saving computing time.
The finite element mesh generator(GEOMPACK package),24

which can decrease element size near corners and grain
boundaries, guarantees an accurate numerical treatment
while keeping the number of element small. Since the main
task of this work is to investigate the magnetization reversal
of the nanocomposites with small grains, the number of finite
elements(about 70 000) can be kept unchanged for saving
the long computing time. Thus, the element size near grain
boundaries is about 0.5 nm and that of the grain center is
about 1 nm for the sample with mean grain diameterD
=5 nm. According to our recent micromagnetic
calculations,22 the numerical error is less than 8% even for
the sample withD=30 nm.

Figure 1 shows the microstructure of FePt/Fe3Pt two-
phase magnet containing 15%Fe3Pt as an example. The dis-
tribution of the easy axes for hard grains is chosen randomly
to simulate the isotropic magnet. The transmission electron
microscopy investigations of the FePt/Fe3Pt nanocomposite
magnet obtained by nanoparticle self-assembly method11

show that the Fe3Pt phase is uniformly dispersed into the
FePt matrix. This microstructure is different from that of the
bulk nanocomposite magnets produced by conventional
methods in which soft phases are randomly assigned to each
grain. To simulate the special microstructure, soft grains are
homogeneously distributed in the hard phase matrix and do
not touch each other in our simulated models.

III. RESULTS AND DISCUSSION

Keeping the volume fraction of soft Fe3Pt phasevs

=15% andDh=Ds=D, the magnetization reversal behaviors
are simulated forD varying from 3 nm to 30 nm, whereDh

and Ds are the mean sizes of hard and soft grains, respec-
tively. Figure 2 shows the typical demagnetization curves for
D=3,4,8,9, and 30 nm. Thedemagnetization curves are

calculated starting from the completely saturated state. A
good single-phase magnetic behavior is observed for
D,8 nm.

The influences ofD on reduced remanencemr [=Jr /Js,
where Jr is the remanence andJs is equal tovsJs

Fe3Pt+s1
−vsdJs

FePt], coercivityHc, andsBHdmax are shown in Fig. 3. It
is found that the value ofmr is far larger than 1/2. According
to the Stoner-Wohlfarth theory,25 mr is 1/2 for an assembly
of isotropic small noninteracting particles with uniaxial an-
isotropy. However, intergrain exchange coupling plays an
important role in nanoscaled permanent magnets.13–15,26,27

The competition between magnetocrystalline anisotropy and
exchange interaction causes a smooth transition of magneti-
zation from one easy direction to the other over a width of
dB. Then the extension of the exchange coupling can be de-
scribed as the ratio of the coupled volume to a grain volume.

vex= fsD/2d3 − sD/2 − dBd3g/sD/2d3. s3d

Only the magnetization in the exchange coupling region can
contribute to the remanence enhancement. The decrease ofD
results in the increase ofvex as given in Eq.(3). Thus,mr

increases with the decline ofD. The dependence ofmr on D

FIG. 1. The microstructure of FePt/Fe3Pt magnet consisting of 216 irregular
shaped grains. The left is the distribution of FePt grains and the right is that
of Fe3Pt grains. The volume fraction of Fe3Pt vs is 15%.

FIG. 2. Typical demagnetization curves of the samples withD=3, 4, 8, 9,
and 30 nm andvs=15%.

FIG. 3. mr, Hc, and sBHdmax as functions ofD for the magnets withvs

=15%.
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can be expressed experimentally as follows:26

mr = a − b ln D, s4d

where, the fitting parametersa andb are equal to 0.979 and
0.112, respectively.

The reduction of the coercivity with decreasingD ac-
cording to Fig. 3(b) can be attributed to the deteriorating
effect of the exchange interaction between misoriented
grains. Strong misoriented grains are able to induce magne-
tization reversal of their neighbors(exchange-induced mag-
netization reversal) and thus the drop ofHc.

26 For largeD,
the magnetization reversal of each grain mainly takes place
at individual nucleation fields. This simplified model of iso-
lated grains begins to fail asD declines to be smaller than
8–9 nm(about 2dB) because of the fast increasingvex. How-
ever, no simple logarithmic expression26 betweenHc andD
is found in Fig. 3(b).

The dependence ofsBHdmax on D as shown in Fig. 3(c)
is found to resemble that ofmr on D since the coercivity
obeys the conditionm0HcùJr /2. In other words, remanence
enhancement is the key to the improvement ofsBHdmax for
the calculated samples. The achievedsBHdmax of 34.6 MGOe
for D=3 nm is larger than the experimental one(about 20.1
MGOe) for D=5 nm as reported in Ref. 11. But it is less
than 52.8 MGOe for the textured nanocomposite Fe-Pt as in
Ref. 8, which reminds us that the alignment of hard grain is
important to obtain much highersBHdmax.

Figure 4 shows the dependence ofHc on Ds for Dh

=5 nm andvs=15%. Hc decreases with increasingDs par-
ticularly fast asDsù8.4 nm.2dB. Thus, the critical grain
size of soft phase pointed out based on quasi-one-
dimensional model1 is confirmed by the three-dimensional
micromagnetic simulation in this work. AsDs is smaller than
2dB, intergrain exchange interaction can suppress the magne-
tization reversal of soft magnetic phase and preserve the co-
ercivity in consequence.1,26,27Figure 5 gives the demagneti-
zation curves for differentDs. It can be found thatmr and
sBHdmax are nearly unchanged forDs varying from 5 to
16 nm. This result is similar to the numerical experiments of
Ref. 28.

According to the above discussion,Hc keeps a high
value whenDs is smaller than 2dB. However,Hc decreases
dramatically with the simultaneous decrease ofDs andDh (as
shown in Fig. 3). Therefore, the grain size of hard phase is

also important for high coercivity. The decline ofDs can
result in coercivity enhancement only whenDh is properly
large.

Traditionally, high remanence and energy product are
expected for largevs because the magnetization of soft phase
is usually larger than that of hard phase. Figure 6 shows the
calculatedmr, Hc, and sBHdmax as a function ofvs with Ds

=Dh=5 nm. The numerically calculated magnetic properties
are compared with experimental results obtained by H. Zeng
et al. 11 for the self-assembly nanocomposite FePt/Fe3Pt. It
can be found that the dependences of numericalmr and Hc

on vs are consistent with the experimental results. With in-
creasingvs, mr increases linearly asvs,15%, then decreases
asvsù20%. It is impossible for us to guarantee no touched
soft grains asvsù20%. Two connected soft grains can be
considered as a combined big soft grain. In other words, the
soft grain size is enlarged asvsù20%. As a result, the de-
crease ofmr with increasingvs can be understood. The mo-
notonous decrease ofHc with increasingvs is attributed to
the low nucleation field of soft phase. High energy products
of about 28.1 and 29.1 MGOe are obtained in the samples

FIG. 4. The dependence ofHc on Ds for the magnets withDh=5 nm and
vs=15%.

FIG. 5. The typical demagnetization curves for differentDs of the magnets
with Dh=5 nm andvs=15%.

FIG. 6. mr, Hc, and sBHdmax as functions ofvs for the magnets withDs

=Dh=5 nm. The closed symbols refer to the experimental values obtained
for FePt/Fe3Pt self-assembly nanocomposite(see Ref. 11).
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with vs=15% and 20%, respectively. Large content of soft
phase causes the dramatic decrease ofsBHdmax because the
coercivity no longer obeys the condition ofm0HcùJr /2.
This result can be confirmed by the smallsBHdmax of melt-
spun Pr6Fe90B4sPr2Fe14B2+46.1%a-Fed ribbons as reported
in Ref. 4. As shown in Fig. 6, there is obvious difference of
mr value between the calculations and the experiments,11

which results from the different conditions of grain bound-
aries. The perfect grain boundaries are used in the calcula-
tions, whereas transitional region between grains exists in the
experiments.11

IV. CONCLUSION

A 3D micromagnetic finite element method was used to
investigate the hard magnetic properties of isotropic
FePt/Fe3Pt nanocomposites. The critical grain size of soft
phase pointed out based on quasi-one-dimensional model
was confirmed by our simulations, i.e.,Hc can be improved
by decreasingDs below 2dB of hard phase. However, no
similar behavior is observed in the dependencies ofmr and
sBHdmax on Ds. The decline of hard grain sizeDh leads to the
decrease ofHc owing to the exchange-induced magnetization
reversal. Properly largeDh is needed for high coercivity in
nanocomposites.sBHdmax of 34.6 and 28.1 MGOe are
achieved for the 3- and 5-nm-scale homogeneous nanocom-
posite withvs=15%, respectively. For highsBHdmax, the vol-
ume fraction of soft phase should not exceed 20%.
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