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FePt-based nanostructured materials are excellent candidates for high density recording beyond 1
Thit/in>. We calculate remanence, coercivity, and loop shape of annealed monodisperse FePt
nanocrystals, using a modified Stoner—Wobhlfarth model. To justify the simplifications of a Stoner—
Wohlfarth model detailed finite element micromagnetic simulations were performed. Magnetic
measurements on arrays of chemically synthesized FePt nanoparticles show remanence ratios of
about 0.6 which is greater than that predicted for a series of noninteracting Stoner—Wohlfarth
particles. A small fraction of the particlé5%) is assumed to remain in the disordered fcc phase with

low magnetocrystalline anisotropy. Both remanence and coercivity are highly sensitive to the
strength of the exchange interactions within a multiple twined nanocrystal. The calculated values are
in the range fromJ, /J,=0.52,H.=0.77 MA/m toJ, /J;3=0.61,H.=1.2 MA/m. The results of the
modified Stoner—Wohlfarth model are confirmed by finite element micromagnetic simulations
taking into account magnetostatic interactions and allowing nonuniform magnetic structures within
a particle. ©2003 American Institute of PhysicgDOI: 10.1063/1.1557398

I. INTRODUCTION ercive field which is only about 16% of the Stoner—
Wohlfarth value; a remanence ratio of about 0.6.

Future high density magnetic recording relies on the  Harrell and co-workefscalculated the viscosity of self-
ability to produce small high coercive particles. Recently, aassembled FePt nanoparticles using a noninteracting Stoner—
solution phase chemical procedure has been developed Wohlfarth, Arrhenius—Neel model with a broad distribution
synthesize monodispersive FePt nanocrystals with controlledf anisotropy fields and randomly oriented easy axes.
size and compositiohThe magnetocrystalline anisotropy of Chantrell and co-workefaised a Monte Carlo method of an
the particles after annealing was found to be of the order ointeracting fine particle system to study the magnetic prop-
10 J/n?.2 The large anisotropy, the small particle size, anderties of FePt nanoparticles. They calculated the temperature
the high packing fraction makes self-assembled FePt supedependence of the hysteresis loop in a wide temperature
lattices an ideal candidate for future high-density informationrange. The fit to the experimental data requires some nonran-
storage media with an areal density in the Thfirgime. dom texture in order to explain the high remanence value of
Synthesized FePt nanoparticles possess disordered fcc stramnealed FePt nanopatrticles.
tures and are superparamagnetic at room temperature. At 5 K In this work we introduce a modified Stoner—Wohlfarth
the FePt nanoparticles show ferromagnetic behavior. By raisnodel to explain the properties of annealed FePt nanopar-
ing the temperature the coercivity drops drastically. This isticles. Each multiple twined nanoparticle is represented by a
consistent with the small magnetocrystalline anisotropy otriplet of three exchange coupled Stoner—Wohlfarth particles
the disordered fcc phase. Heat treatment induces the Fe amdth mutually orthogonal easy axes. Magnetostatic interac-
Pt atoms to rearrange in long range ordered fcc structure théibns are neglected. Thus there is no interaction between par-
has good hard magnetic properties. Experiments withicles of different triplets. The results are compared with a
FesPl, nanoparticles annealing at 500°C, 550°C, andmore general finite element model which takes into account
580 °C showed a continuous increase of the coercivity witthoth magnetostatic interactions and nonuniform magnetic
increasing annealing temperature. Transmission electron métates within the nanoparticles. The numerical experiments
croscopy studies show that the phase transformation occushow that both remanence enhancement and coercivity re-
at 530°C® The particles are randomly oriented. With in- duction can be solely explained by exchange interactions be-
creasing annealing temperature, the monodisperse particleseen the crystallites of a multiple twined particle. In con-
coalesce during annealing and form multiple twined nanoctrast to the well known result that the remanence increases
rystals. The measured coercivity of optimally annealedwith larger exchange, we found significant remanence en-
Fe;sPts nanoparticles at 580 °C reaches 716 kA/m. The rehancement only when the exchange interactions between the
duced remanencel(/J;) exceeds 0.5 which indicates either crystallites is reduced with respect to the bulk value of the
some crystallographic texture or strong interactions betweeaxchange.
the particles. In summary, the hysteresis properties of an-
nealed FePt nanoparticles show two characteristic features
which are clearly different from the Stoner—Wohlfarth be- !l MODEL SYSTEMS

havior for randomly oriented, noninteracting particles: A co- The hysteresis loop of the classical Stoner—Wohlfarth

theory follow from the subsequent minimization of the mi-
@No proof corrections received from author prior to publication. cromagnetic energy,
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FIG. 1. Finite element model of self-assembled FePt particles. The arrows H_ (MA/m)
ext

show the magnetization distribution for zero applied field. Owing to the

exchange interactions between the grains which form an FePt sphere, th§g 3. comparison of the hysteresis loops calculated from the modified
magnetization arranges nonuniformly. The enlarged sphere on the right-hang o _\wohifarth modelg=0.4x 10~ J/m) and the finite element model
side shows the surface of the finite element mesh. The different colors cor(A:O 1x 10" J/m). In addition a recoil curve calculated with the finite

respond to crystallites with different easy axis direction. element model is shown.
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HereF,, is the contact area between the two particles,
2
T, ()

for decreasing external fieldy;. In Eq. (1) the sum is over ) FatTm
the particles in the particle ensemblg, is the uniaxial an- an:ranf:( 2
isotropy constanty; is the anisotropy direction of particie
and M, is the magnetization vector of the particle. In addi- anda is the lattice constant which &=0.38 nm for FePt. A
tion to the classical energy terms of the Stoner—Wohlfarttmall fraction of all particles are assumed to remain in the
theory we have to consider the exchange energy between tifésordered fcc phase. To represent the fcc phase we simply
particles within a particle agglomerate. We assume that isetK,=0.
average three particles agglomerate. According to transmis- The results of the modified Stoner—Wohlfarth energy are
sion electron microscopy studies these three particles havg@mpared with a more complex finite element model.
mutually orthogonal anisotropy axes. The volumes of eachrePt particle is a sphere with a diameter of 4 nm. The sphere
practice are randomly assigned giving a total volume of dS assumed to be composed of three grains with three or-
one agglomerate of 3(#r3/3), wherer is the radius of one thogonal easy directions. In totalX&%Xx5 spheres form a
particle. Within an agglomerate the particles are exchanggarticle array for the simulations. Figure 1 shows the particle
coupled to each other. The exchange energy between partichéray and the magnetization distribution for zero applied
n and particlem is field. The grains are subdivided into tetrahedral finite ele-
ments. This finite element models allows to resolve nonuni-
form magnetic states within each grain. Both magnetostatic
interactions between the spheres and exchange interactions

n ' ' ’ L between the grains are taken into account. However, for a
I I :f?“;f“h,;‘ff" ] interparticle distance of 2 nm the magnetostatic interaction
«— high exchange

were found to be negligible with respect to the anisotropy
7 field. The dipolar interaction field is in the order of 160 kA/m
which is only 2% of the anisotropy field. The hysteresis loop
is calculated from the solution of the Landau-Lifshitz Gil-
bert equation for decreasing external field.

The material parameters for the calculations were as fol-
lows: K,=5.6x10f J/n?, uoM<=1.31! The exchange con-
- stant was varied in the range #f=0.1x10 ' J/m to A
=2.2x10 1 J/m.

| Ill. RESULTS

0
H,, (MA/m) Figure 2 shows two hysteresis loops calculated with the

C;nodified Stoner—Wohlfarth model with high exchange inter-
Stoner—Wohlfarth model for high exchanga<1.4x10 11 J/m) and low  @ctions and low exchange interactions between the particles
exchange A=0.4x 10" J/m). of an agglomerate. The results clearly show that with in-

FIG. 2. Hysteresis loops for FePt particles calculated using the modifie
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T ' ‘ ' ' ' This rather peculiar result can be explained as follows: Since
0.6 ggz;gg . the crys_tall_ite size is smaller than th_e exche_mge Iength_ the
L &8 10%FCC| magnetization becomes arranged uniform within a multiple
twined particle for high exchange. Each multiple twined par-
ticle behaves like a uniaxial particle with uniaxial anisotropy.
The situation is similar to nanocrystalline soft materials
where the magnetization averages over several g¥irsce

the uniaxial anisotropy is random, the reduced remanence is
0.5. Only if the exchange interactions between the crystal-
lites of a triplet are reduced with respect to the bulk ex-
change the magnetization becomes nonuniform and rema-
nence enhancement can occur. The finite element simulation
confirms this behavior. For weak exchange the magnetization
©-6 0% FCC 1 becomes arrange nonuniformly within a cluster of three
G8 5% FCC . . . . .
5-810%Fcc| - grains as shown in Fig. 1. The particular microstructure of

1 the multiple twined particles plays a minor role, since dipolar

. interactions are small compared to the magnetocrystalline
1 anisotropy and the exchange interactions. Figure 3 compares
4 the results of the modified Stoner—Wohlfarth model with

] those of the finite element approach. Loop shape, remanence,
_ and coercive field are in good agreement.

Figure 4 summarizes the magnetic properties of FePt
particles as a function of the exchange interactions. Both
remanence and coercivity decreases with increasing ex-
035 1 15 2 change interactions. The exchange interactions between FePt

exchange constant (10™''J/m) particles due to agglomeration account for remanence en-
. . . hancement and the drop of the coercive field with respect to
FIG. 4. Hysteresis properties as a function of the strength of the exchan " .
interactions within a particle agglomerate. Top: Reduce remanence as e Stoner—Wohlfarth value. In addition Fig. 4 shows the
function of the exchange constant. Bottom: Coercive field as a function o€ffect of the remaining fcc phase. Both remanence and coer-
the exchange constant. The error induced by the finite field step is in the sizgivity slightly decreases with increasing volume fraction of
of the symbol. the fcc-phase.
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