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Large-Scale First-Principles Calculations of
Magnetic Nanopatrticles

Markus Ernst Gruner, Georg Rollmann, and Peter Entel

Fachbereich Physik, Universitat Duisburg-Essen, 47048Iirg, Germany
E-mail: {Markus.Gruner, Peter.Ent@uni-due.de

Modern supercomputers as the IBM Blue Gene/L provide theipilisy to investigate large
systems containing several hundred transition metal atévegpresent results on two examples,
the size dependent evolution of structure and magnetistewfantal iron nanoparticles and the
identification of structural comparison of competing masoigies of near-stoichiometric Fe-Pt
and Co-Pt nanopatrticles, which are currently discussedesBanfor future ultra-high density
recording applications.

1 Introduction

Transition metal nanoparticles are of growing interestiyfthe fundamental science point
of view! 2 as well as for technological applicatioh. Atomistic simulations of materi-
als properties of nanometer sized objects can easily beedayut by classical molecular
dynamics simulations using empirical model potentialsohtdlready permit simulations
on mesoscopic length scales. In many cases, however, thanelproperties are related
to the electronic structure, so that a quantum-mechanpgaloach is necessary. The re-
cent evolution of supercomputing power allows foraminitio treatment of systems in
the nanometer size regime. This comes at hand for techmalloggplications where the
miniaturization of functional units plays an importanteolWithin this contribution, we
present two examples in which large scakeinitio calculations contribute to resolve open
guestions in this field.

2 Computational Method

The density functional theory (DFT) provides a suitable wayalculate the properties
of systems containing several hundreds or even a few thdasafratoms from first prin-
ciples, i.e. from quantum-mechanical grounds. Accordmthe theorem by Hohenberg
and Kohn? the ground state of the electronic system can be uniquebyithesl as a func-
tional of the electron density. The resulting equationssed in a self-consistency
approach. The exact form of the exchange-correlation gantecfunctional is not known;
nevertheless, this approach has proven its validity wittrewelming successDuring the
last decades, the DFT approach has been implemented aretotiasly refined in a vast
number of commercial and freely available codes. In ouruidations, we use the Vienna
Ab initio Simulation Package (VASP)which has proven in many examples to provide an
excellent compromise between speed and accuracy, usingdfertor augmented wave
approach to describe the interaction with the nuclei and the coretedes. The clusters
were placed in a cubic supercell, surrounded by a sufficierent of vacuum to prevent
interactions with the periodic imagés;space integration was restricted to fpoint. For
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Figure 1. Left: Scaling behaviour of a nano-cluster with $&latoms on the IBM Blue Gene/L. The perfor-
mance given by the inverse average computation time foresirehic self-consistency step;cl, is shown as

a function of the number of nodes (black circles). The dadimed describe the ideal scaling behaviour. The
inset shows a double logarithmic plotaf-. The open symbols in the inset refer to the scaling of the nirost
consuming subroutines. Right: Double logarithmic plothef tomputation time per CPU needed on JUBL for a
full geometric optimization of Fe-Pt nanoclusters of magjigster sizes according to Eq. (1).

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

DFT calculations of large systems are not only time-consigrbut also very demand-
ing with respect to 1/0 bandwidth and memory. Thus the distion over hundreds or
thousands of CPUs is necessary to successfully completemoblems, especially on
machines with hard limitations concerning CPU speed and engiper node as on the
Blue Gene/L. Here, however, the threefold high-bandwildii;latency network helps to
increase scalability so that large systems can be handie@efly. Fig. 1 (right) shows
as an example the scaling behaviour for agsFe&luster (4488 valence electrons) where
on 1024 nodes still 70 % of the ideal (linear scaling) perfance is reached. The largest
calculations carried out by our group contained 8000 vaderiectrons and ran with suffi-
cient efficiency on four Blue Genel/L racks (4096 nodes). TR& Bpproach does not only
yield total energies and electron densities, also forcedeaalculated accurately. This al-
lows for quasi-static structure optimizations which wefpem on the Born-Oppenheimer
surface, i. e. in the electronic ground state of the systehis fequires to fully converge
the electronic system before making an ionic movement. I8RAan efficient prediction
scheme for the new wavefunctions is implemented. Nevertiselh considerable number
of electronic self-consistency steps — for larger systeipigally several thousands — have
to be performed to find one meta-stable minimum on the patiegniergy surface. Figure 1
(right) shows the evolution of the required computationgtifor a complete geometric re-
laxation as a function of the size of the system. A pragmdtiofa power law yields an
increase of the computation time with system size with aroegpt of about 2.5.

The systematic scan of the potential energy surface in dalénd the most stable
morphologies is a very demanding task even for small clsstentaining a few tens of
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Figure 2. Edge models of the optimizedsge icosahedron (left), cuboctahedron (right) and SMT isorsen{

ter). Separately for each shell, the corner atoms of thesface connected by lines, the atoms themselves are
omitted for clarity. For icosahedra and cuboctahedralsbéthe same shape but different sizes are stacked into
each other. For the SMT isomer, the shape of the outermo#tisheosahedral and changes towards the in-
side continuously along the Mackay-path to a cuboctahedvbith represents the shape of the innermost shell.
The Mackay transformation works by stretching the beh@ of the icosahedron and turning the two adjacent
triangular facesA BC and AC'D into the same plane producing the square faéeC' D of the cuboctahedron.

atoms. However, it becomes hopeless in the nanometer rargefore, a permissible
way out is to restrict to an “educated guess” of selected hmggies. So-called magic-
number clusters are a good starting point. Their 8izs given as a function of the number
n of closed geometric shells:

N =1/3(10n® 4+ 15n® + 11n + 3) = 13,55, 147, 309, 561,923, . .. (1)

Magic cluster sizes appear to be particularly stable fotate3d elements? In addition,
they allow for a comparison of several paradigmatic geoestrCuboctahedra with a
face centred cubic (fcc) structure, body centred cubic)(smmers (Bain-transformed
cuboctahedra), Mackay-icosahetfrand Ino-decahedta

3 Structure and Magnetism of Elemental Iron Nano-Clusters

As a bulk material, iron belongs certainly to the most impotielements in everyday life.
Many application are related to its magnetic propertiesn possesses a complex struc-
tural phase diagram, with bee- ando-phases below 1185K and above 1167 K, the fcc
~-phase in between and the hexagonal close packed {tmse at high pressures. Also,
iron nanoparticles provide an interesting research field, tue to their applicability in
biomedicine (see, e. g., Ref. 16), but also from a fundanhentat of view, since the evo-
lution of their structure as a function of particle size hasbeen resolved so far: Transmis-
sion electron micrographs (TEM) of 6 nm particles suggestasructurée.’ while for 13
atoms, first principles calculations predict a Jahn-Tellstorted icosahedrol¥. Recently
the authors addressed this problems within a large stzieitio approach which revealed
that already above a crossover size of about 150 atoms thdikellbcc structure is ener-
getically favored'! Furthermore, another important previously unreporteststiral motif
was identified. The so-called shellwise Mackay transfor®MT) isomer evolves by ge-
ometric relaxations from ideal icosahedra and cuboctah&dsmall distortions along the
Mackay path* are imposed (cf. Fig. 2). Thus, for the case of iron, both getoimforms
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Figure 3. Left: Comparison of the energies of various isauérelemental iron nano-clusters as a function of
their size (data originally published in Ref. 11). The bamier has been chosen as reference. Open symbols
denote SMT isomers with magnetic configurations higher grgn The lines are intended as guide to the eye,
broken lines refer to instable structures. The inset shbwsvariation of the average magnetic moment of the
different isomers with size (experimental moments takemfRef. 1). Right: Spin configuration of the lowest
energy Fgs1 SMT isomer (cross section). The arrows refer in length amehtation to the atomic moments.

must be considered unstable even for small cluster sizescdimparison of the total ener-
gies of the different morphologies in Fig. 3 shows that theTSbbmer is a hot candidate
for the ground state of kg. Even up to 561 atoms, the energy difference between the
bcec and the SMT isomer remains — in contrast to the cuboctatzed icosahedra — in the
range of thermal energies; thus the occurrence of the SMiCtsire appears realistic at
finite temperatures. The calculated magnetic moments calirdetly compared with the
measurements on small transition metal nanoparticles tgsRit al! (inset of Fig. 3).
In accordance with a previous DFT study on clusters of up/te 400 atoms? the mo-
ments of the bcc clusters agree very well with experimenhis $ize range. For larger
clusters, however, considerable deviations occur. In factN =561, the SMT isomer
shows the best agreement with the experimental magnetizaéta, owing to a shell-wise
antiferromagnetic configuration of the cluster core.

The search for the origin of this unusual transformatiorunexg an inspection at the
atomistic level, which may become a tedious or even imptessésk for large system
sizes. In our case, help comes from the common neighbouysisgCNA)1° which has
become a widely used tool for the identification of strudtpetterns in classical molec-
ular dynamics studies of large systems. The CNA charaettize local environment of
an atom by a set of signatures, which can be compared withhiecteristic result for
an ideal bulk or surface structure. If one restricts to th&t fieighbour shell, signatures
are obtained for each pair of neighbours, containing infdiom on the number of nearest
neighbours both atoms have in common, the number of bondeebatthese neighbours
and the longest chain connecting them. Figure 4 shows thit iefsa CNA applied on
optimized isomers. While the bcc and fcc clusters are umifor structure, we find for
the icosahedron the typical mixture of fcc, hcp and — alomgfitre-fold symmetry axes —
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Figure 4. Cross sections of optimized geometries of 561 atomnanoparticles. The colour coding describes
the local coordination of the atoms obtained by a commonhteigr analysis. Bright colours refer to perfect
matching of the CNA-signatures with the ideal bulk and stefaonfigurations. With increasing number of
deviations the colours turn into grey.

icosahedral environments. The SMT isomer, however, shawthar unexpected pattern:
While the central atoms are fcc coordinated according tandeely completed Mackay-
transformation of these shells, we find no trace of the typasahedral signatures in
the outermost shells which, however, retain their ovecalsahedral shape. Instead, their
signatures show typical signs of an energetically fava&oic-like coordination, accom-
panied by a pair distribution function which is rather tyglitor amorphous materials.

4 Morphologies of Fe-Pt and Co-Pt Nanoparticles

In the field of ultra-high density magnetic recording, thedeasting exponential increase
in storage density over time still seems unbroken. Whildeigars ago, densities of
35 GBit/in? were state of the art, recent lab demos reached values a4@O@Bit/in? and
the expectations of the manufacturers go up to 10 to 50 TBitfithe future. The main ob-
stacle to further miniaturization is the so-called supeapggnetic limit, which threatens
the long-time stability of the information storé8l.The Néel relaxation time of a record-
ing media grain is decribed by an exponential dependencé@mprioduct of anisotropy
constant and volume divided by temperature. This imposewerlboundary for the pos-
sible size above which the magnetization of a grain is (foufficsently long time) not
affected by thermal relaxation processes. One widely dsaul strategy to overcome this
problem is the use of regular patterned arrays of nanopestiwhere one bit is essentially
represented by one particlé. To obtain sufficiently small particles with thermally stabl
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Figure 5. Various ordered morphologies obkgPtoes (or CoxesPhags, respectively) nanoparticles after struc-
tural relaxation in two different aspects. The blue sphdewte Fe (or Co) atoms, the brownish spheres Pt. The
icosahedra are shown in cross section to visualize theérisimucture.

magnetizations, near-stoichiometric FePt and CoPt alloyise slightly tetragonally dis-
torted L1, phase are currently considered as the most promising rastesince their bulk
anisotropy constants are about one order of magnituderléiiga that of currently used
media?® Considering these values, particle sized ofn or even smaller appear feasible.

The current production route is to fabricate disorderedreet particles from gas phase
experiments or wet-chemical production routes and obkerotdered IL, phase in a fur-
ther annealing stehHowever, it was reported recently that_particles in the interesting
size range with a sufficient magnetocrystalline anisotimopy be difficult to obtain in this
way 223 High resolution transmission electron microscopy (HRTEMywed the occur-
rence of multiply twinned morphologies such as icosahedrhdecahedra at diameters
around 6 nm and below (e.g., 24, 25). These consist of sestedhed twins (20 in the
case of Mackay-icosahedra and 5 for Ino-decahedra). Terersfich morphologies cannot
be expected to exhibit a large uniaxial magnetocrystadimeotropy even if the individual
twins are perfectly ILy-ordered, since they have different crystallographicraggons.

In order to shed more light on the origin of these problemsstagtedab initio cal-
culations of FePt and CoPt nanoparticles with of up 561 atGm&.5 nm in diameter),
comparing nearly 60 configurations of particles of both malke with different sizeg®
Although the largest particles are still too small to avoigherparamagnetism, general
trends can be formulated from the results, as the largestechialready possess a bal-
anced surface-to-volume ratio (45 % at 2.5nm as compare2% & 4 nm). We find that
disordered phases are considerably higher in energy tleaddsired L, phase. How-
ever, ordered multiply twinned morphologies are subssdigtmore favorable through-
out the investigated size range. The calculated energegrdiites can be as large as
AFE =F — Ey;, =—30meV/atom in the case of the radially ordered@tgs icosahe-
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dron, which is still close to thermal energies, but sizeal§@ meV/atom for CggsPtags.
These results explain at least in part the experimentatdiffes to obtain particles with
large magnetocrystalline anisotropy at small sizes. THg §egregated icosahedron is a
special case: Itis witth £ = +20 meV/atom higher in energy than theé d_cuboctahedron
in the case of Fg5Phgg but with AE = —92 meV/atom much more favorable in Co-Pt,
pointing out strong segregation tendencies in the lattee.ca

5 Outlook

In this contribution, we wanted to demonstrate that largdes®FT calculations are a
powerful tool providing information on material relatecbperties on an atomistic level,
which may not be obtained from experiment so far and can tbagibute significantly
to the solution of unresolved questions in materials s@era technology. Our ongoing
work in the field of nanoparticles for ultra-high densityoeting applications includes the
investigation of the size-dependence of the magnetodiipstanisotropy energy of FePt
and CoPt nanopatrticles and the exploration of possibleegfies to stabilize the lglphase
by co-alloying with a third element. Considering the po#isies provided by the new Blue
Gene/P at Julich Supercomputing Centre (J2B)jnitio investigations of nanoparticles
of 3.5 or evend nm, containing 1415 and 2057 atoms according to Eq. (1) aim) o
relevant size for technological applications, appearifida# near future.

Acknowledgments

We thank the John von Neumann Institute for Computing fontjing computation time

and support and, especially, P. Vezolle of IBM and I. Gutb&aSC for their substantial ef-
forts, making the VASP code run efficiently on the Blue Gerng/ttem. Financial support
was granted by the Deutsche Forschungsgemeinschaft th&fig 1239 and SFB 445.

References

1. I. M. L. Billas, A. Chatelain, and W. A. de Heévlagnetism from the atom to the bulk
in iron, cobalt, and nickel clusterScience265, 1682, 1994.

2. M. L. Tiago, Y. Zhou, M. M. G. Alemany, Y. Saad, and J. R. Gkaksky, Evolution
of magnetism in iron from the atom to the buithys. Rev. Lett97, 147201, 2006.

3. S.Sun, C. B. Murray, D. Weller, L. Folks, and A. Mogdionodispers&ePthanopar-
ticles and ferromagnetiEePtnanocrystal superlatticeScience287, 1989, 2000.

4. S. Sun,Recent advances in chemical synthesis, self-assemblya@pigtations of
FePtnanoparticlesAdv. Mater.,18, 393, 2006.

5. P. Hohenberg and W. Kohinhomogeneous electron gaBhys. Rev., 136, B864,
1964.

6. W. Kohn, “Electronic structure of matter — wave functi@ml density functionals”,
in: Nobel Lectures, Chemistry 1996-2000, |. Grenthe, (Fd.213. World Scientific,
Singapore, 2003.

7. G. Kresse and J. Furthmillegfficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis,detys. Rev. B54, 11169, 1996.

167



8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

G. Kresse and D. Jouberfrom ultrasoft pseudopotentials to the projector
augmented-wave methdehys. Rev. B59, 1758, 1999.

M. E. Gruner, G. Rollmann, S. Sahoo, and P. Elggnetism of close packéek, 47
clusters Phase Transition39, 701, 2006.

M. E. Gruner, G. Rollmann, A. Hucht, and P. Entdgssively parallel density func-
tional theory calculations of large transition metal clast Lecture Series on Com-
puter and Computational Scienc@s173, 2006.

G. Rollmann, M. E. Gruner, A. Hucht, P. Entel, M. L. Tiagad J. R. Chelikowsky,
Shell-wise Mackay transformation in iron nano-clustétbys. Rev. Lett99, 083402,
2007.

M. E. Gruner, G. Rollmann, A. Hucht, and P. Entefructural and magnetic prop-
erties of transition metal nanopatrticles from first prinigig vol. 47 of Advances in
Solid State Physi¢cSpringer, Berlin, in press.

M. Pellarin, B. Baguenard, J. L. Vialle, J. Lerme, M. Begyd. Miller, and A. Perez,
Evidence for icosahedral atomic shell structure in nicketiaobalt clusters - com-
parison with iron clustersChem. Phys. Lett217, 349, 1994.

A. L. Mackay,A dense non-crystallographic packing of equal sphefeta Cryst.,
15,916, 1962.

S. Ino Stability of multiply-twinned particles). Phys. Soc. Jpr27, 941, 1969.

D. L. Huber,Synthesis, properties, and applications of iron nanog#t Small, 1,
482, 2005.

T. Vystavel, G. Palasantzas, S. A. Koch, and J. Th. M. Dssbio,Nanosized iron
clusters investigated with in situ transmission electracrascopy Appl. Phys. Lett.,
82,197, 2003.

P. Bobadova-Parvanova, K. A. Jackson, S. Srinivas, artddvbi, Density-functional
investigations of the spin ordering Fe; 3 clusters Phys. Rev. B66, 195402, 2002.
H. Jonsson and H. C. Andersdopsahedral ordering in the Lennard-Jones liquid
and glassPhys. Rev. Lett60, 2295, 1988.

D. Weller and A. MoseiThermal effect limits in ultrahigh-density magnetic retor
ing, IEEE Trans. Magn 35, 4423, 1999.

B. Stahl, J. Ellrich, R. Theissmann, M. Ghafari, S. Bhetarya, H. Hahn, N. S.
Gajbhiye, D. Kramer, R. N. Viswanath, J. Weissmuller, and@lkiter, Electronic
properties o4-nm FePparticles Phys. Rev. B67, 014422, 2003.

T. Miyazaki, O. Kitakami, S. Okamoto, Y. Shimada, Z. A&asy. Murakami,
D. Shindo, Y. K. Takahashi, and K. Hon8jze effect on the ordering ofi§. FePt
nanoparticlesPhys. Rev. B72, 144419, 2005.

O. Dmitrieva, B. Rellinghaus, J. Kastner, M. O. Liedkad J. Fassbendelipn
beam induced destabilisation of icosahedral structuregas phase prepared FePt
nanoparticlesJ. Appl. Phys.97, 10N112, 2005.

Z.R. Dai, S. Sun, and Z. L. Wan§hapes, multiple twins and surface structures of
monodisperse FePt magnetic nanocryst&lsrf. Sci.,505, 325, 2002.

D. Sudfeld, O. Dmitrieva, N. Friedenberger, G. Dumpish, Farle, C. Song,
C. Kisielowski, M. E. Gruner, and P. EntélR-TEM studies ofePtnanoparticles by
exit wave reconstructigriMater. Res. Soc. Symp. Pro898E, 0998-J01-06, 2007.
M. E. Gruner, G. Rollmann, P. Entel, and M. Fahyltiply twinned morphologies of
Fe-Ptand Co-Ptnanoparticlessubmitted.

168



