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We presentb initio calculations of low-dimensional systems with complex megnground
states. The computational method and its efficient impleatiem on massively-parallel su-
percomputing architectures is outlined and characterestamples from the field of ultra-thin
magnetic films and nanowires on stepped surfaces are giveselcalculations allow not only
the description of the ground state properties, they mayidweexploited for the prediction of
finite-temperature properties of this technologically artgnt class of materials.

1 Introduction

The miniaturization of magnetic data storage devices foraedern technology to store a
bit of information on increasingly smaller units of magueetiaterial. In the limit of a few
hundred atoms that are supposed to represent this bit onragoapic level, the stability
of the magnetic structure is pushed to its limits. Exterreddifi or thermal fluctuations may
destroy the magnetic order easily and thus render the statagice unuseful for many
applications. The magnetic boundary between individuslimiay become larger than the
bits themselves. Such technological problems call for #aetbpment of new materials
that are able to overcome the limitations of conventionajnegic storage materials. The
Institute for Solid State Research (IFF) investigatesotagpossible candidates for new de-
vice technology including ferroelectric materials, tulimg magnetoresistance structures,
and improved magnetic material combinations. In the follgrexamples, we will focus
on the latter.

An understanding of the magnetic properties on a microsdepel can only be gained
on a quantum-mechanical level. The institute Theory | inlBtehas, therefore, developed
computational methods to investigate theoretically thesgperties based on quantum-
mechanics. Such methods that require no experimental pgratneters are often referred
to asab initio methods. The computational effort of ab initio investigation of “real”
materials can be tremendous and it is the combination of p&formance computing and
theoretical material science that lies on the basis of @scda this respect, only the close
collaboration between the Central Institute for AppliedtMamatics (ZAM) and the IFF
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in the Research Centre Jilich made it possible to perfoatitg-edge material science
calculations.

2 Method & Computational Scheme

Density functional theory provides the framework of malstinitio methods used in solid-
state physics. The quantum-mechanical equations at thedddkis theory are differential
equations similar to the Schrodinger equation. They dater the wavefunctions, from
which all further properties of the studied system are @shjymost important of which
is the electron density, entering the density functional theory. If these wavefiorg
are expanded in basis-functions, the differential eqnat@n be recast in the form of a
standard problem of linear algebra, the eigenvalue problem

H[nlc = eSc (2)

where the matrice’ andsS are of the dimension of the number of the used basis-fungtion
The problem is to determine the eigenveatothat specifies the wavefunction and the
scalare that is the eigenvalue corresponding to the wavefunctiongeneral the ground
state density: is unknown. Giving a start density, the solution of Eq. (1jedmines the
density entering again in Eq. (1). Obviously, this defineglécensistency problem in
which Eq. (1) is solved during each self-consistency step.

In an infinite periodic system the number of basis-functidhat have to be used, is
of course infinite. But the translational symmetry of theipdic crystal allows to block-
diagonalize the matricg)g andS into an infinite number of finite matrices that are labeled
by a vector, thék-point. The size of one such matrix is determined by the chahaind
structural complexity of the system at study, i.e. the laithe unit-cell of the crystal,
the larger the size of the matrix. Of this infinite number oftritas, only a subset is
actually calculated and then an interpolation is done, toawt for the remainder. Here, a
small unit-cell (or periodicity) requires a larger set ofrgdes that have to be taken for the
interpolation.

In summary, the (main) computational problem consiststhieithe solution of a few
large eigenvalue problems or the solution of many small ofesth tasks can be paral-
lelized, the latter one very simple and efficiently by diatiting the small eigenvalue prob-
lems over individual nodes of a parallel-computer. Disttibn of a single, large eigenvalue
problem over many nodes can be handled by optimized litgdike ScaLAPACK. This
kind of parallelization requires more communication thhe previous one, but reduces
the memory requirements on a singe node, thus enablinglaatms of systems with very
large unit cells. Our parallelization scheme, employedhie E_LEUR-codé relies on a
combination of both strategies to optimize the performéocall types of problems (cf.
Fig. 1)

Compared to non-magnetic problems, the accurate treatofemagnetic systems
in density functional theory is a computationally much malemanding task: non-
collinearity (i.e. if the magnetic order is not simply ferrderri- or antiferromagnetic)
and/or spin-orbit coupling effects increase the dimensibthe eigenvalue problem by
a factor of two. The magnetic unit cell is usually larger thha chemical one, and its
size is generally not known in advance. The symmetry, thateaexploited in these cal-
culations is normally reduced (e.g. changing a real synmimeigenvalueproblem into a
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Figure 1. Combined parallelization used in fAeur-code: depending on the problem, either a large number of
small matrices or a small number of large matrices have tadgmdalized. In the former case, the “k-point paral-
lelization” is most efficient, the latter case calls for “efyector parallelization”. Both schemes can be combined
as indicated on the left. Performance tests (right) allofint optimized ways, how both parallelizations should
be combined for specific problems.

complex hermitian one) and the involved energy scales agesreall. Not manyab initio
methods worldwide are suited for such complex calculatidihe full-potential linearized
plane wave method, as implemented in theBr-code, provides a powerful tool for the
computational investigation of general, non-collineagmetic structure’s

3 Applications

Low-dimensional magnetic systems differ in many respect fwhat is known from bulk
structures: the magnetic order, the ordering temperatiieenagnetization direction, the
magnetic domains and their separating walls are not onfigreifit in a thin film or a wire,
they can also depend on different physical parameters tharthree-dimensional solid.
While in bcec Fe, hep Co, or fcc Ni the magnetic properties asentg determined by
the elements interaction with its 8 or 12 nearest neighbamaf in low dimensions the
coordination is reduced (2 — 6 nearest neighbors) and a nadoeic like” behavior can
be observed: the magnetic moment is higher, orbital magmetecomes important, the
ordering temperatures (in the ferromagnetic case the @Gameerature) is lowered. Since
the thin film or wire has usually to be stabilized on a suppgrsurface, interactions with
this substrate can further influence the magnetic projgertie
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3.1 Thin Magnetic Films

Thin films of iron or manganese on a transition-metal subsitlustrate the peculiarities
met in low-dimensional systems: the spin moment of Fe, wigch2.5 in bee Fe, in-
creases t®.7up for a Fe monolayer on Cu(111) and ev&@2up on Ag(111). On the
weakly interacting close-packed surfaces of the coinagals€u and Ag, that only pro-
vide a template on which the Fe atoms are grown, the magsgiit)(moment increases to
almost atomic-like valuest{:). Also on the (001) surface of Cu, Fe has a large magnetic
moment, and in all these examples Fe forms a ferromagnetic fihfortunately, this fer-
romagnetic order, which is technologically desirable gsvery stable against temperature
fluctuations. The weak interaction with the substrate, Winic the one hand increases the
magnetic moment, on the other hand does nothing to incrbaseurie temperature, which
is — in these systems — determined both by the (exchangejatiens to the neighboring
atoms and by the magnetic anisotropy, a relativistic effétie latter effect is strong for
heavy atoms, but the atoms at the bottom of the periodic tiblet easily form magnetic
moments in the condensed state. Therefore, combinatiolighbfmagnetic species and
heavy substrate atoms become technologically more andimpetant.

If one tries to increase the interaction with the substratkthe magnetic anisotropy by
e.g. replacing copper by the heavier element tungstenisungly also the magnetic order
is changed: a monolayer of Fe on W(001) is no longer ferroraagrbut shows instead
a checkerboard like magnetic structure (cf. Fig. 2). Thiexgected change of magnetic
order was not only predicted by our calculations, it was atsofirmed experimentalfy
But further calculations revealed more surprises: manymatig elements change their
magnetic ground state on the W(001) substrate, Co becortiteraymagnetic, but Cr and
Mn, normally antiferromagnetic, turn into ferromagnetshaiarge spin moments Using
different substrates, it is possible to tune the magnetiractions to form a variety of
magnetic structures in a way unknown in bulk systems.

Beautiful examples of complex magnetic structures are éaknwhen the magnetic
interactions are on the border between antiferromagnatidferromagnetic and for cer-
tain topologies of the crystal lattice: e.g. we have predic complex, three-dimensional
magnetic structure for Mn on Cu(111), which is formed fromirfahemical unit cels
Recently, a magnetic structure consisting of at least 15hated unit cells was found ex-
perimentally for Fe/Ir(11P) Theoretical considerations have shown, that such a miagnet
structure can arise from an even more complex non-collistese, which is currently under
investigation. The unit cells required for such a study aon150 atoms and the matrices,
that have to be diagonalized numerically require not onlyetiban 10 GB of memory, but
also computing time that is only available on massively felraupercomputers.

While these magnetic superstructures are probably onblestt low temperatures,
other complex magnetic patterns are formed when the teryera above zero. A snap-
shot of an (e.g. ferro-) magnetic material at finite tempees will show a superposition
of various elementary magnetic excitations, or magnongtwiorm a non-collinear mag-
netic state Ab initio calculations of these snapshots allow — in conjunction witistical
methods — to access important material properties like thideGemperature As we
pointed already out, the ordering temperature of two-dsmaral systems depends not
only on the interactions between the neighboring spins énlaitice, but also on the in-
teraction of the spin with the field of the crystal latticeelfs This arises from spin-orbit
interaction and our method allows us to investigate thig tedativistic effect (which be-
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Fe/W(001) Fe/lr(111)

Figure 2. Magnetic structures of thin Fe and Mn films on défgrsubstrates: on a square lattice, like Cu(001),
collinear magnetic order is common, on triangular lattidiée Cu(111), more complex, non-collinear magnetic
ground states can be obtained. The magnetic ground-stefte oh Ir(111) (lower right) is currently under
investigation.

comes important on a large scale) from first principles. Tehaine this effect accurately,
a large number ok-points has to be sampled, requiring that many eigenvalabkpms
have to be solved.

3.2 Magnetic Nanostructures

Even more exotic properties can be encountered in magnetierials, when the dimen-
sionality is lowered further to one or zero dimensions. Qirse, in practice these wires or
clusters have to be supported on some substrate again tstritily speaking only quasi-
lowdimensional structures are obtained. But experimeatdiniques have been refined in
the last years, to produce well-defined magnetic nanostrestand to characterize their
magnetic properties in some detail.

One way to stabilize a one-dimensional magnetic structite grow magnetic atoms
along the step-edges that occur on surfaces. E.g. a Pt(88&rs has rather smooth
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Figure 3. Left: Schematic picture of a single Co chain on pgd Pt substrate (top) and chains of different width
(n = 1—6) on a step-edge. The magnetization direction (indicatectyrrows) oscillates as the wires increase
in width. Right: Magnetocrystalline anisotropy energy (BAull diamonds) and average orbital moment on Co
(empty circles) for Co chains of different width (denotedyon Pt(664). Note the different scales for MAE
(left) and orbital moments (right).

step-edges that are separated by aBaot and close-packed Pt(111) terraces in between.
Experimentally, it was possible to grow not only a singe deevalong these edges, but
also thicker wires consisting of strands ¢ = 2, 3,4, ...). The magnetic measurements
of these wires revealed a peculiar behaidWhile the magnetization of the single wire is
perpendicular to the wire-axis and points towards the upgreace, for thicker wires the
direction of the magnetization changes towards the loweaide and finally — for a closed
Co overlayer — stands perpendicular to the vicinal surfade magnetic anisotropy also
oscillates from larger{ = 1), to very small & = 2) then rises again fat = 4, and finally
settles down to the value known for Co layers on Pt(111).

To explain this surprising magnetic behavior, we perforrabdnitio calculations of
Co wires on a Pt(664) surfaté’. On this surface, the step-edges are a little bit denser
packed than on Pt(997), nevertheless the unit-cells redqua calculate this surface has
to include already 45 atoms. In such a calculation the sarfaenodeled by a film of
finite thickness, so that the innermost layer of this film Hesaaly bulk-like properties. In
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the present case this thickness corresponds to about 71Rtfide layers. We studied the
effects of relaxation for the case of a single Co wire on thisaee. To compensate for
the loss of coordination, these relaxations tend to deertres distance of the step-edge
atoms to their nearest neighbors, restoring partially &-bké magnetic behavior (e.g.
smaller orbital moments and a smaller magnetic anisotroBuy} this effect seems to be
counteracted by the increasing importance of correlafiolsv-dimensional materials, so
that experimentally the signatures of low-dimensional nedigm are clearly seen.

Our calculations of thicker Co wires not only revealed theasascillatory behavior
of the magnetization direction and magnetic anisotropy as fwund experimentally (cf.
Fig. 3), with the help of our calculations we can also proposanple physical model that
accounts for the experimental observati@n we decompose the overall magnetic prop-
erties into contributions of the individual strands of thaltinwires, we can identify four
different types of strands, which show a characteristicalbdn of the magnetic proper-
ties on the magnetization direction (which we can choosayria the calculation). Since
exchange-coupling requires all the magnetic moments ofviles to point in a common
direction, this can lead to frustration effects: Propsttike the magnetic anisotropy of
the multi-wire can get very small as compared to a single vdue to a compensation of
contributions of different strands. This explains e.g.tthg anisotropy of the double-wire,
but also the increase of the anisotropy in thicker wires.

4 Conclusion

We presented examples of calculations of magnetic mondafé-e and Mn on different
substrates, as well as Co wires on stepped surfaces. Dueitatmplexity, these cal-
culations quickly go beyond the limits of conventional cartggional resources and call
for supercomputers as provided by the John von Neumannutestor Computing (NIC)
and the Central Institute for Applied Mathematics (ZAM) hetResearch Centre Julich.
The close connection to experimental institutes within antside the Research Centre
in combination with a critical amount of CPU time on supergaiters gives us a cutting
edge in responding to the challenging questions in the physimodern magnetism and
on magnetic materials with technological relevance wheeeinvestigation byab initio
calculations can lead to deeper understanding and thegtimmdof new promising materi-
als.

Acknowledgments

We are indebted to Dr. Inge Gutheil for her help with the harglbf the ScaLAPACK
libraries and for the coding of the interface. All calcutais were performed with a grant
of computer time provided by the VSR of the Research Centiehl”

157



References

=

http://ww. fl apw. de.

2. Ph. Kurz, F. Forster, L. Nordstrom, G. Bihlmayer, andB8igel, Ab initio treat-
ment of noncollinear magnets with the full-potential linead augmented plane wave
method Phys. Rev. B39, 024415 (2004).

3. A. Kubetzka, P. Ferriani, M. Bode, S. Heinze, G. Bihimayér von Bergmann,
O. Pietzsch, S. Blugel, and R. Wiesendangyealing Antiferromagnetic Order of
the Fe Monolayer on W(001): Spin-Polarized Scanning TungeWicroscopy and
First-Principles CalculationsPhys. Rev. Lett94, 087204 (2005).

4. P. Ferriani, S. Heinze, G. Bihlmayer, and S. Blug#hexpected trend of magnetic
order of 31 transition-metal monolayers on W(0Q0Phys. Rev. B'1, 024452 (2005).

5. Ph. Kurz, G. Bihimayer, K. Hirai, and S. Blugdihree-Dimensional Spin-Structure
on a Two-Dimensional Lattice: Mn/Cu(11 Bhys. Rev. Lett86, 1106 (2001).

6. K. von Bergmann, S. Heinze, M. Bode, E.Y. Vedmedenko, @lrBayer, S. Blugel,
and R. Wiesendange@Qbservation of a complex nanoscale magnetic structure in
hexagonal Fe monolaygPhys. Rev. Lett. , submitted (2005).

7. M. Lezai€, Ph. Mavropoulos, J. Enkovaara, G. BihimayerBlugel, Influence of
thermal spin fluctuations on the half-metallic band gBpys. Rev. Lett. , submitted
(2005).

8. P. Gambardella, A. Dallmeyer, K. Maiti, M. C. Malagoli, Busponi, P. Ohresser,
W. Eberhardt, C. Carbone and K. Ker@scillatory Magnetic Anisotropy in One-
Dimensional Atomic WiresPhys. Rev. Lett93, 077203 (2004).

9. S. Baud, Ch. Ramseyer, G. Bihimayer, and S. Bliigelaxation effects on the mag-
netism of decorated step edges: Co/Pt(6BHYs. Rev. B, submitted (2005).

10. S. Baud, G. Bihimayer, S. Blugel, and Ch. Ramselagnetic anisotropy of Co
n-wires (» = 1 — 6) on Pt(664)Surf. Sci. , submitted (2005).

158



