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1 Introduction
The development of advanced magnetic materials requires a precise understanding of the magnetic behavior. A prominent example are magnetic recording systems future high density information storage, where both recording medium and recording heads have to meet certain
characteristics [1]. These structures are so small that quantum mechanical effects like exchange
have to be taken into account. However, they are too large for a pure quantum mechanical
description, which would exceed the capabilities of today's ab-initio computational models. On
this intermediate level between the macroscopic world and a description with atomic resolution,
micromagnetic models provide a useful tool for detailed predictions of the magnetic properties
and magnetization processes. The theory of micromagnetism combines Maxwell’s equations for
the magnetic field with an equation of motion describing the time evolution of the magnetization.
The local arrangement of the magnetic moments follows from the complex interaction between
intrinsic magnetic properties such as the magnetocrystalline anisotropy and the physical/chemical
microstructure of the material.
The finite element method is a highly flexible tool to describe magnetization processes, since it is
possible to incorporate the physical grain structure and intergranular phases. Recent developments of advanced numerical methods allows for the first time the modelling and dynamic simulation of an entire media-head system including sub-grain dicretization of the media and a full 3D
finite element mesh of the entire ring head. Moreover the development of high performance parallel finite element micromagnetics packages (see section 2.1) take full use of the computational
power of novel multiprocessor machines and allows the use of large scaled complex models.
The computational models provide great freedom in the choice of experiment conditions and in
the variation of material parameters. This provides useful hints for artificial structuring of future
magnetic materials [2]. In addition to measurements of the remanent magnetization and the coercive field, it is possible to study the details of the magnetization distribution and the magnetization reversal processes, which are difficult to investigate experimentally.
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2 Numerical Methods
2.1 magpar - Parallel Finite Element Micromagnetics Package
In the light of the importance of the microstructure of magnetic materials the finite element
method has been chosen for the implementation of a micromagnetic model. There are several
commercial and open source micromagnetics packages available, however all of them use the
finite difference method. In addition, static energy minimization methods for the study of SmCo
permanent magnets as well as dynamic time integration methods for the investigation of the magnetization dynamics in magnetic nanoparticles are desirable.

Fig. 1 Execution time of a static energy minimization
problem (nucleation in FePt nanoparticles) as a function of the number of processors. The solid line represents the ideal scaling behavior. On eight processors a
“superlinear” scaling behavior due to caching effects
is observed.

Therefore, a new high performance scalable (Fig .1) parallel finite element micromagnetics package [3]-[4] has been implemented which combines several unique features: It is entirely based on
portable, free, open source software packages (Fig. 2), highly portable to different hardware platforms, which range from simple PCs to massively parallel supercomputers, highly optimized,
scalable and well integrated. It includes solvers for static energy minimization, time integration of
the Landau-Lifshitz-Gilbert equation, and the nudged elastic band method.
Simulations (especially large models) were carried out partly on the following servers of the computational center of TU-Vienna (ZID): sc.zserv and fe.zserv. A first release of the freeware under
GNU General Publick License [5] can be found on the web [6].
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Fig. 2A The micromagnetics package is based on PETSc, the “Portable, Extensible Toolkit for Scientific Computation”. PETSc uses MPI for message passing, BLAS and LAPACK for low level linear algebra. The “Toolkit
for Advanced Optimization” is used for energy minimization and PVODE for the time integration of the Landau-Lifshitz-Gilbert equation. METIS handles the mesh partitioning, zlib is used for the compression of output
data and libpng for the generation of PNG graphics files. Fig. 2B Example of the mesh partitioning for 2 processors, 3 processors and 10 processors using the METIS library is shown at the bottoem sequence.

3 Applications
3.1 Permalloy Nanodots
The static and dynamic properties of magnetic nanodots with curling in-plane magnetization distribution (vortex) are studied using 3D dynamic micromagnetic simulations. The magnetization
state of such a vortex stae is shown in Fig. 3. The magnetization distribution, contributions to the
total energy, hysteresis behavior, and surface charges are calculated and compared with an analytical vortex model. A phase diagram of the magnetic ground states of magnetic nanodots as a function of the radius and height is calculated and compared with analytical and experimental
investigations.

Fig. 3 Magnetization distribution of the vortex state on
a fine 3D finite element mesh.The vortex core is properly resolved.

The dynamic properties, which are important for high frequency applications, are reported for inplane and out-of-plane fields. The simulations [7] show that the shape of the vortex core and its
exchange energy have been found to be very stable (“rigid”) even for large vortex shifts in an
external field. The phase diagram of magnetic ground states shows sharp transitions from the “inplane” state to the perpendicular magnetization distribution and the magnetic vortex state,
whereas the transition from the perpendicular magnetization to the magnetic vortex state is not
well defined.
3.2 Exchange bias in F/AF systems with perfectly compensated interfaces
The phenomena of exchange anisotropy and exchange bias, particularly, were discovered in the
year 1956 by Meiklejohn and Bean when studying Co particles surrounded with antiferromagnetic oxide (CoO). They found that the field required to switch the ferromagnet from the field
cooled state into the reversed state is larger than that to rotate the ferromagnet back to its original
direction. Our present work concerning exchange bias focus on bilayer systems with perfectly
compensated interfaces [8] (see Fig. 4).
The interacting grain model assumes perfectly compensated interfaces between the granular
ferro- and antiferromagnet and gives bias fields and coercivities comparable to those observed
experimentally. The behavior of the hysteresis shift (shown in Fig. 5 on the left) and the coercivity
for varying material parameters is investigated. For certain material parameters our simulations
resulted in substantially stable 360° domain wall [9] loops (shown in Fig 5 on the right) or lines
within the softmagnetic ferromagnic layer, similar to those observed experimentally.

Fig. 4 (on the left) For uncompensated interfaces the antiferromagnetic spins of one sublattice
dominate at the AF/F contact surface. (on the right) At perfectly compensated interfaces the net
spin of the antiferromagnet averaged over a microscopic length scale is zero. A fully compensated
antiferromagnetic interface will lead to a 90° or spin flop coupling between the two layers. A weak
canting of the AF spins close to the interface provide a small net moment parallel to the interface to
which the ferromagnet is able to couple. Simple models predict that AF/F layers with compensated
interfaces exhibit an enhanced coercivity but no exchange bias. However, our simulations resulted
in exchange bias fields and coercivities comparable to experimentally found data.
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Fig. 5 (on the left) The antiferromagnetical exchange bias leads to a shift of the hysteresis as compared
to an unbiased single layer film. (on the right) For certain material parameters our simulations resulted
in substantially stable 360° domain wall loops or lines within the ferromagnet, similar to those observed
experimentally. The figure shows the stable magnetization state (360° domain wall) in the ferromagnetic
layer F obtained in the simulation of the hysteresis loop.

3.3 Vortex core reversal by Bloch points
Thin permalloy disks support a vortex configuration. We study how micromagnetic calculations
can be applied to processes that involve a singularity of the magnetization field, namely the Bloch
point [10]. The reversal of the core of the vortex under an field applied perpendicularly to the disk
plane is investigated. We apply two different procedures to evaluate switching fields and processes: direct micromagnetic time-dependent calculation, and the evaluation of the energy barrier
that separates the two orientations of the vortex core in the configuration space, using the nudged
elastic band method [11]. Both methods show the occurrencse of Bloch points (see Fig. 6) during
reversal.
Fig. 6 Minimum energy paths for the thermal reversal of
the vortex core in a softmagnetic disk are calculated. The
vortex core reverses by the nucleation and displacement of
a Bloch point singularity. Shown is a cut across the thickness of the finite element mesh (Permalloy disk, 100 nm
radius, 50 nm thickness). The colour code corresponds to
the z-component of the magnetization. The magnetization
state has a Bloch point in the center of the disk.
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