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Large-Scale First-Principles Calculations of
Magnetic Nanoparticles

Markus Ernst Gruner, Georg Rollmann, and Peter Entel

Fachbereich Physik, Universität Duisburg-Essen, 47048 Duisburg, Germany
E-mail: {Markus.Gruner, Peter.Entel}@uni-due.de

Modern supercomputers as the IBM Blue Gene/L provide the possibility to investigate large
systems containing several hundred transition metal atoms. We present results on two examples,
the size dependent evolution of structure and magnetism of elemental iron nanoparticles and the
identification of structural comparison of competing morphologies of near-stoichiometric Fe-Pt
and Co-Pt nanoparticles, which are currently discussed as media for future ultra-high density
recording applications.

1 Introduction

Transition metal nanoparticles are of growing interest, from the fundamental science point
of view1, 2 as well as for technological applications.3, 4 Atomistic simulations of materi-
als properties of nanometer sized objects can easily be carried out by classical molecular
dynamics simulations using empirical model potentials which already permit simulations
on mesoscopic length scales. In many cases, however, the relevant properties are related
to the electronic structure, so that a quantum-mechanical approach is necessary. The re-
cent evolution of supercomputing power allows for anab initio treatment of systems in
the nanometer size regime. This comes at hand for technological applications where the
miniaturization of functional units plays an important role. Within this contribution, we
present two examples in which large scaleab initio calculations contribute to resolve open
questions in this field.

2 Computational Method

The density functional theory (DFT) provides a suitable wayto calculate the properties
of systems containing several hundreds or even a few thousands of atoms from first prin-
ciples, i. e. from quantum-mechanical grounds. According to the theorem by Hohenberg
and Kohn,5 the ground state of the electronic system can be uniquely described as a func-
tional of the electron density. The resulting equations aresolved in a self-consistency
approach. The exact form of the exchange-correlation part of the functional is not known;
nevertheless, this approach has proven its validity with overwhelming success.6 During the
last decades, the DFT approach has been implemented and consecutively refined in a vast
number of commercial and freely available codes. In our calculations, we use the Vienna
Ab initio Simulation Package (VASP),7 which has proven in many examples to provide an
excellent compromise between speed and accuracy, using theprojector augmented wave
approach8 to describe the interaction with the nuclei and the core electrons. The clusters
were placed in a cubic supercell, surrounded by a sufficient amount of vacuum to prevent
interactions with the periodic images;k-space integration was restricted to theΓ-point. For
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Figure 1. Left: Scaling behaviour of a nano-cluster with 561Fe atoms on the IBM Blue Gene/L. The perfor-
mance given by the inverse average computation time for an electronic self-consistency step,τ−1

SC , is shown as
a function of the number of nodes (black circles). The dashedlines describe the ideal scaling behaviour. The
inset shows a double logarithmic plot ofτSC. The open symbols in the inset refer to the scaling of the mosttime
consuming subroutines. Right: Double logarithmic plot of the computation time per CPU needed on JUBL for a
full geometric optimization of Fe-Pt nanoclusters of magiccluster sizes according to Eq. (1).

the exchange-correlation functional, we employed the generalized gradient approximation
(for further details, refer to Refs. 9–12).

DFT calculations of large systems are not only time-consuming but also very demand-
ing with respect to I/O bandwidth and memory. Thus the distribution over hundreds or
thousands of CPUs is necessary to successfully complete such problems, especially on
machines with hard limitations concerning CPU speed and memory per node as on the
Blue Gene/L. Here, however, the threefold high-bandwidth,low-latency network helps to
increase scalability so that large systems can be handled efficiently. Fig. 1 (right) shows
as an example the scaling behaviour for an Fe561 cluster (4488 valence electrons) where
on 1024 nodes still 70 % of the ideal (linear scaling) performance is reached. The largest
calculations carried out by our group contained 8000 valence electrons and ran with suffi-
cient efficiency on four Blue Gene/L racks (4096 nodes). The DFT approach does not only
yield total energies and electron densities, also forces can be calculated accurately. This al-
lows for quasi-static structure optimizations which we perform on the Born-Oppenheimer
surface, i. e. in the electronic ground state of the system. This requires to fully converge
the electronic system before making an ionic movement. In VASP, an efficient prediction
scheme for the new wavefunctions is implemented. Nevertheless, a considerable number
of electronic self-consistency steps – for larger systems typically several thousands – have
to be performed to find one meta-stable minimum on the potential energy surface. Figure 1
(right) shows the evolution of the required computation time for a complete geometric re-
laxation as a function of the size of the system. A pragmatic fit to a power law yields an
increase of the computation time with system size with an exponent of about 2.5.

The systematic scan of the potential energy surface in orderto find the most stable
morphologies is a very demanding task even for small clusters containing a few tens of
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Figure 2. Edge models of the optimized Fe561 icosahedron (left), cuboctahedron (right) and SMT isomer (cen-
ter). Separately for each shell, the corner atoms of the faces are connected by lines, the atoms themselves are
omitted for clarity. For icosahedra and cuboctahedra, shells of the same shape but different sizes are stacked into
each other. For the SMT isomer, the shape of the outermost shell is icosahedral and changes towards the in-
side continuously along the Mackay-path to a cuboctahedron, which represents the shape of the innermost shell.
The Mackay transformation works by stretching the bondAC of the icosahedron and turning the two adjacent
triangular facesABC andACD into the same plane producing the square faceABCD of the cuboctahedron.

atoms. However, it becomes hopeless in the nanometer range.Therefore, a permissible
way out is to restrict to an “educated guess” of selected morphologies. So-called magic-
number clusters are a good starting point. Their sizeN is given as a function of the number
n of closed geometric shells:

N = 1/3
(
10n3 + 15n2 + 11n+ 3

)
= 13, 55, 147, 309, 561, 923, . . . (1)

Magic cluster sizes appear to be particularly stable for thelate3d elements.13 In addition,
they allow for a comparison of several paradigmatic geometries: Cuboctahedra with a
face centred cubic (fcc) structure, body centred cubic (bcc) isomers (Bain-transformed
cuboctahedra), Mackay-icosahedra14 and Ino-decahedra15.

3 Structure and Magnetism of Elemental Iron Nano-Clusters

As a bulk material, iron belongs certainly to the most important elements in everyday life.
Many application are related to its magnetic properties. Iron possesses a complex struc-
tural phase diagram, with bccα- andδ-phases below 1185 K and above 1167 K, the fcc
γ-phase in between and the hexagonal close packed (hcp)ǫ-phase at high pressures. Also,
iron nanoparticles provide an interesting research field, too, due to their applicability in
biomedicine (see, e. g., Ref. 16), but also from a fundamental point of view, since the evo-
lution of their structure as a function of particle size has not been resolved so far: Transmis-
sion electron micrographs (TEM) of 6 nm particles suggest a bcc structure,17 while for 13
atoms, first principles calculations predict a Jahn-Tellerdistorted icosahedron.18 Recently
the authors addressed this problems within a large scaleab initio approach which revealed
that already above a crossover size of about 150 atoms the bulk-like bcc structure is ener-
getically favored.11 Furthermore, another important previously unreported structural motif
was identified. The so-called shellwise Mackay transformed(SMT) isomer evolves by ge-
ometric relaxations from ideal icosahedra and cuboctahedra, if small distortions along the
Mackay path14 are imposed (cf. Fig. 2). Thus, for the case of iron, both geometric forms
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Figure 3. Left: Comparison of the energies of various isomers of elemental iron nano-clusters as a function of
their size (data originally published in Ref. 11). The bcc isomer has been chosen as reference. Open symbols
denote SMT isomers with magnetic configurations higher in energy. The lines are intended as guide to the eye,
broken lines refer to instable structures. The inset shows the variation of the average magnetic moment of the
different isomers with size (experimental moments taken from Ref. 1). Right: Spin configuration of the lowest
energy Fe561 SMT isomer (cross section). The arrows refer in length and orientation to the atomic moments.

must be considered unstable even for small cluster sizes. The comparison of the total ener-
gies of the different morphologies in Fig. 3 shows that the SMT isomer is a hot candidate
for the ground state of Fe55. Even up to 561 atoms, the energy difference between the
bcc and the SMT isomer remains – in contrast to the cuboctahedra and icosahedra – in the
range of thermal energies; thus the occurrence of the SMT structure appears realistic at
finite temperatures. The calculated magnetic moments can bedirectly compared with the
measurements on small transition metal nanoparticles by Billas et al.1 (inset of Fig. 3).
In accordance with a previous DFT study on clusters of up toN = 400 atoms,2 the mo-
ments of the bcc clusters agree very well with experiment in this size range. For larger
clusters, however, considerable deviations occur. In fact, for N = 561, the SMT isomer
shows the best agreement with the experimental magnetization data, owing to a shell-wise
antiferromagnetic configuration of the cluster core.

The search for the origin of this unusual transformation requires an inspection at the
atomistic level, which may become a tedious or even impossible task for large system
sizes. In our case, help comes from the common neighbour analysis (CNA),19 which has
become a widely used tool for the identification of structural patterns in classical molec-
ular dynamics studies of large systems. The CNA characterizes the local environment of
an atom by a set of signatures, which can be compared with the characteristic result for
an ideal bulk or surface structure. If one restricts to the first neighbour shell, signatures
are obtained for each pair of neighbours, containing information on the number of nearest
neighbours both atoms have in common, the number of bonds between these neighbours
and the longest chain connecting them. Figure 4 shows the result of a CNA applied on
optimized isomers. While the bcc and fcc clusters are uniform in structure, we find for
the icosahedron the typical mixture of fcc, hcp and – along the five-fold symmetry axes –
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Figure 4. Cross sections of optimized geometries of 561 atomiron nanoparticles. The colour coding describes
the local coordination of the atoms obtained by a common neighbour analysis. Bright colours refer to perfect
matching of the CNA-signatures with the ideal bulk and surface configurations. With increasing number of
deviations the colours turn into grey.

icosahedral environments. The SMT isomer, however, shows arather unexpected pattern:
While the central atoms are fcc coordinated according to thenearly completed Mackay-
transformation of these shells, we find no trace of the typical icosahedral signatures in
the outermost shells which, however, retain their overall icosahedral shape. Instead, their
signatures show typical signs of an energetically favorable bcc-like coordination, accom-
panied by a pair distribution function which is rather typical for amorphous materials.12

4 Morphologies of Fe-Pt and Co-Pt Nanoparticles

In the field of ultra-high density magnetic recording, the long-lasting exponential increase
in storage density over time still seems unbroken. While eight years ago, densities of
35 GBit/in2 were state of the art, recent lab demos reached values around400 GBit/in2 and
the expectations of the manufacturers go up to 10 to 50 TBit/in2 in the future. The main ob-
stacle to further miniaturization is the so-called superparamagnetic limit, which threatens
the long-time stability of the information stored.20 The Néel relaxation time of a record-
ing media grain is decribed by an exponential dependence on the product of anisotropy
constant and volume divided by temperature. This imposes a lower boundary for the pos-
sible size above which the magnetization of a grain is (for a sufficiently long time) not
affected by thermal relaxation processes. One widely discussed strategy to overcome this
problem is the use of regular patterned arrays of nanoparticles, where one bit is essentially
represented by one particle.3, 4 To obtain sufficiently small particles with thermally stable
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Figure 5. Various ordered morphologies of Fe265Pt296 (or Co265Pt296 , respectively) nanoparticles after struc-
tural relaxation in two different aspects. The blue spheresdenote Fe (or Co) atoms, the brownish spheres Pt. The
icosahedra are shown in cross section to visualize their inner structure.

magnetizations, near-stoichiometric FePt and CoPt alloysin the slightly tetragonally dis-
torted L10 phase are currently considered as the most promising materials, since their bulk
anisotropy constants are about one order of magnitude larger than that of currently used
media.20 Considering these values, particle sizes of4 nm or even smaller appear feasible.

The current production route is to fabricate disordered fccFePt particles from gas phase
experiments or wet-chemical production routes and obtain the ordered L10 phase in a fur-
ther annealing step.4 However, it was reported recently that L10 particles in the interesting
size range with a sufficient magnetocrystalline anisotropymay be difficult to obtain in this
way.21–23 High resolution transmission electron microscopy (HRTEM)showed the occur-
rence of multiply twinned morphologies such as icosahedra and decahedra at diameters
around 6 nm and below (e. g., 24, 25). These consist of severalstrained twins (20 in the
case of Mackay-icosahedra and 5 for Ino-decahedra). Therefore such morphologies cannot
be expected to exhibit a large uniaxial magnetocrystallineanisotropy even if the individual
twins are perfectly L10-ordered, since they have different crystallographic orientations.

In order to shed more light on the origin of these problems, westartedab initio cal-
culations of FePt and CoPt nanoparticles with of up 561 atoms(≈ 2.5 nm in diameter),
comparing nearly 60 configurations of particles of both materials with different sizes.26

Although the largest particles are still too small to avoid superparamagnetism, general
trends can be formulated from the results, as the largest clusters already possess a bal-
anced surface-to-volume ratio (45 % at 2.5 nm as compared to 32 % at 4 nm). We find that
disordered phases are considerably higher in energy than the desired L10 phase. How-
ever, ordered multiply twinned morphologies are substantially more favorable through-
out the investigated size range. The calculated energy differences can be as large as
∆E=E−EL10

=−30 meV/atom in the case of the radially ordered Fe265Pt296 icosahe-
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dron, which is still close to thermal energies, but sizeable−90 meV/atom for Co265Pt296.
These results explain at least in part the experimental difficulties to obtain particles with
large magnetocrystalline anisotropy at small sizes. The fully segregated icosahedron is a
special case: It is with∆E = +20 meV/atom higher in energy than the L10 cuboctahedron
in the case of Fe265Pt296 but with ∆E=−92 meV/atom much more favorable in Co-Pt,
pointing out strong segregation tendencies in the latter case.

5 Outlook

In this contribution, we wanted to demonstrate that large scale DFT calculations are a
powerful tool providing information on material related properties on an atomistic level,
which may not be obtained from experiment so far and can thus contribute significantly
to the solution of unresolved questions in materials science and technology. Our ongoing
work in the field of nanoparticles for ultra-high density recording applications includes the
investigation of the size-dependence of the magnetocrystalline anisotropy energy of FePt
and CoPt nanoparticles and the exploration of possible strategies to stabilize the L10 phase
by co-alloying with a third element. Considering the possibilities provided by the new Blue
Gene/P at Jülich Supercomputing Centre (JSC),ab initio investigations of nanoparticles
of 3.5 or even4 nm, containing 1415 and 2057 atoms according to Eq. (1) and being of
relevant size for technological applications, appear feasible in near future.
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