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Partially disordered FePt nanoparticles prepared by the sputtering method and protected by Al2O3

constitute an interesting realization of graded media, recently suggested for future generations of
magnetic recording. By depositing the alumina layer, the particle is partially disordered with
gradually varying properties. The current work comprises a comparison between experimental data
and atomistic modeling results of the coercive field and energy barriers in FePt particles with
gradually spatially varying properties, specifically the magnetization, anisotropy, and exchange
constants. From our modeling we conclude that the magnetization reversal processes for dynamic
reversal at the coercive field and for the zero field energy barrier involve different reversal modes.
The coercive field decreases as a function of disordering length up to 2 T and is in good agreement
with measured values. The zero field energy barrier, except for highly disordered particles, is almost
independent of the disordering length, retaining the high values required for thermal stability.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3067570�

FePt is an important material for future magnetic record-
ing media due to its large magnetocrystalline anisotropy in
the Ll0 phase. Its maximum anisotropy value could be as
large as 108 erg /cm3 and this would provide the required
thermal stability even for the small grain sizes required for
ultrahigh density recording. However, the coercive field nec-
essary to reverse the magnetization in FePt nanograins can
be as high as 20 T, which is not suitable for conventional
magnetic recording heads. This problem can be substantially
overcome by adding a magnetically soft layer whose role is
to decrease the switching field.1,2 However, it should be
noted that for all media designs the energy barrier in zero
field must remain high in order to ensure thermal stability of
the written information. Suess3 suggested the use of a
multilayer system �graded media� and showed that in this
case the coercive field could be decreased further without
significant deterioration of the energy barrier in zero field.
The simulation of the recording process has confirmed the
performance of such media for new generations of magnetic
recording.4

An interesting and novel realization of the graded media
concept consists of partially disordered FePt nanoparticles,
prepared by sputtering, with a protective layer of Al2O3.5,6

The nanoparticles have an average size of 10 nm with a
small dispersion of 2.8 nm and are well separated from one
another so that the interactions are negligible. During depo-
sition of the alumina layer, the Al2O3 partially penetrates the
hard FePt phase to an extent which decreases with distance
into the FePt layer.6 This results in a low anisotropy phase
with a graded anisotropy arising from the decrease in pen-

etration of Al2O3 with depth. By this technique it is possible
to prepare particles with the same height but different thick-
nesses of the graded anisotropy layer. It was shown that the
coercive field decreases as a function of the graded layer
thickness. The energy barriers were extracted from the dy-
namic coercivity measurements using the Sharrock law.7 The
present work consists of modeling of the experimental
results5 of coercive field and energy barriers in partially dis-
ordered FePt particles.

In this paper we present an atomistic model of the mag-
netic properties of graded media. In our model we consider
for simplicity cylindrical nanoparticles with diameter D
=10 nm corresponding to the experimental results.5,6 The
total particle height was kept constant at H=5.32 nm. Note
that unlike the original proposal for the graded media,3

where long nanograins �with the height of about 20 nm� were
considered, these nanoparticles have the opposite aspect ra-
tio: the in-plane �XY� dimensions are larger than that the
out-of plane �Z� one.

The FePt easy axis is directed perpendicular to the plane,
i.e., parallel to the cylinder axis �Z-direction�. The particle
was discretized into atomistic cubic discretization cells with
lattice parameter a=0.38 nm. The magnetic moments are
placed at the Fe sites only in the spirit of Ref. 8. The hard
phase magnetization and anisotropy parameters were taken
to be Ms

hard=1100 emu /cm3, Khard=4�107 erg /cm3. As for
the exchange parameter, we have considered two models
with Jex

hard=3.1�10−14 erg and 7.7�10−14 erg. The former
corresponds to the average value estimated from the Curie
temperature and the latter corresponds to the FePt in-plane
exchange estimated from first principles calculations.8 These
values are used as lower and upper limits for the in-planea�Electronic mail: gloria_rodriguez@ikasle.ehu.es.
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exchange values. In the first case the domain wall having the
width of 4.49 nm can fit into the nanoparticle in the direction
parallel to the cylinder axis, which is not true for the second
case, where the domain wall width is 7.07 nm.

We considered nanoparticles of thickness H=Lsoft

+Lhard with linearly varying properties such as magnetiza-
tion, anisotropy within the graded layer of thickness Lsoft,
specifically in the region Lhard�z�H: Ksoft�z�=Khard

− ��Khard−K0
soft� /Lsoft

0 ��z−Lhard� �and similar dependence for
Jsoft�z��. Inside the region z�Lhard the parameters were kept
those of the hard phase. The fully disordered properties were
taken as Ksoft

0 =4�105 erg /cm3 and Jsoft
0 =Jhard

0 /10. The
gradual change in the magnetization was found to have little
influence on the magnetic properties. We use an atomistic
model with the Heisenberg form for exchange, and the mag-
netostatic fields were calculated via the fast Fourier trans-
form algorithm. The hysteresis cycle was calculated by inte-
gration of the Landau–Lifshitz–Gilbert equation. For the
energy barrier calculation we used the Lagrangian multiplier
technique9 constraining the average angle of the magnetiza-
tion to a particular direction �0; variation in �0 maps out the
energy landscape from which the energy barrier in zero field
is calculated.

First we present calculations of the coercive field with a
field applied parallel to the easy axis. Calculations were
made as a function of the length Lsoft of the graded region. In
Fig. 1 it can be seen that with increasing disordered layer
thickness, the coercive field decreases to Hc�2 T for nano-
particles with half of their height gradually disordered. We
also note the remarkable agreement between simulation and
experimental values, the best agreement corresponding to the
parameters Lsoft

0 =2.28 nm for high J value and Lsoft
0

=2.66 nm for low J value. In what follows, we will use
these values of the parameters. All the hysteresis loops have
a square shape. This suggests �quasi�coherent magnetization
reversal in all cases. However, dynamically the processes are
slightly different. The process is much more collective for
larger exchange value, being completely coherent if no soft

layer is present. In a completely hard particle, for lower ex-
change value the demagnetization process starts simulta-
neously on both top and bottom layers �see Fig. 2� and
propagates to the particle center. However, the addition of
even one soft layer makes the top and bottom parts non-
equivalent. In this case the demagnetization dynamically al-
ways starts on the top �soft� layer �see Fig. 3�. In the low
exchange case during this process a 180° wall is created.
Unlike the high exchange value, in the case of the low ex-
change, the demagnetization process is nonhomogeneous in
plane.

Next, we investigate the zero field energy barriers of the
disordered FePt nanoparticles. Figure 4 presents the com-
parison between experimental and simulated values of the
energy barriers as a function of the height of the disordered
region. Note that these values are only slightly dependent on
the disorder and well preserve the thermal stability of the
particles for large time scale.

Figure 5 represents the zero-field thermally activated re-
versal mode �saddle point or energy barrier magnetization
configuration�. In the originally suggested graded media the
thermal mode configuration is a domain wall in the hard

FIG. 1. �Color online� Comparison between measured and modeled coercive
field values as a function of the disordering length in FePt nanoparticle with
Jex=3.1�10−14 erg, Lsoft

0 =2.66 nm and Jex=7.7�10−14 erg, Lsoft
0

=2.28 nm.

FIG. 2. �Color online� Dynamical magnetization configuration during the
hysteresis process for a magnetically hard FePt nanoparticle with Jex=3.1
�10−14 erg showing the magnetization nucleation on both top and upper
layers. The gray map represents the Mz magnetization value.

FIG. 3. �Color online� Dynamical magnetization configuration during the
hysteresis process in a disordered FePt nanoparticle with Jex=3.1
�10−14 erg and Lsoft=2.28 nm. The gray map represents the Mz magneti-
zation value.
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material in the direction of the easy axis �perpendicular to
the film�,3 having homogeneous magnetization in the in XY
direction. In the present case the domain wall cannot be fitted
perpendicularly in the particle for large exchange value but
in principle, this is possible for a smaller exchange. How-
ever, in both cases for zero-field thermal reversal the particle
prefers to be divided into an in-plane �XY� domain configu-
ration. For smaller exchange value the energy of such con-
figuration appears to be smaller than that of the perpendicu-

lar domain wall due to the nanoparticle dimensions. The
character of the saddle point with a wall dividing the particle
into two vertical domains is shown in Fig. 5. We note that the
best fit in Fig. 4 is obtained for the larger value of exchange
coupling, in contrast to the data of Fig. 1. This apparent
discrepancy may arise from the fact that experimentally the
energy barriers were evaluated using the Sharrock law,7

which is probably not applicable for the present case due to
the highly inhomogeneous character of the saddle point.

In conclusion, partially disordered FePt nanoparticles
represent an interesting realization of graded media. Partial
disordering by the penetration of Al2O3 into the hard FePt
layer provides a decrease in the coercive field to a value of 2
T, essentially without significant decrease in the energy bar-
rier. The oblate spheroidal geometry of nanoparticles is dif-
ferent to that of the classical magnetic recording grains. The
consequence of this is a different saddle point configuration
during thermally activated reversal in zero field, where the
particle is divided in two vertical domains with opposite
magnetization direction. The associated energy barrier could
be even larger than that of the graded media suggested in
Ref. 3. The field-induced reversal mode has a different nature
and, when the soft phase is increased, ends being a 180°-
domain wall propagating in the Z-direction. The idea of par-
tial disordering by protecting layer, the design, and the con-
clusions of the present paper could be directly applicable to
the bit-patterned media based on FePt.
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FIG. 4. �Color online� Comparison between calculated and experimental
energy barrier values �in kBT units, T=300° K� as a function of the disor-
dering length in FePt nanoparticle with Jex=3.1�10−14 erg and Jex=7.7
�10−14 erg.

FIG. 5. �Color online� Magnetization configuration corresponding to the
thermal reversal mode in a completely hard FePt nanoparticle with Jex

=3.1�10−14 erg. The gray map represents the Mz magnetization value.
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