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This brief overview summarizes state-of-the-art of sirtiaies of transition metal nanoclusters based
on density functional theory calculations. Besides the onogtallic clusters like iron, we focus on alloy
nanoclusters like Fe-Pt, Co-Pt and (Ni, Co)-Mn-Ga whichafreurrent interest for recording media and
actuators involving the magnetic shape memory effect,eetsely. Although catalysis it is not subject of
the present paper, trimetallic nanoclusters are of spéetialest because the third element can be used to
achieve higher catalytic and selective properties contp@aréhe corresponding monometallic and bimetallic
clusters. For clusters of Fe-Pt and Co-Pt below a criticaé,sihe L} structure with its technologically
relevant high magnetocrystalline anisotropy is difficaltstabilize. For trimetallic systems like Ni-Mn-Ga,
the rather versatile properties of the bulk material candsluo achieve shape changes or magnetocaloric
effects (depending on the composition) also in nanoclsstemportant is here that it might be cheaper to
manufacture the nanocrystalline materials from the tradlietnanoclusters than to fabricate corresponding
single-crystal bulk systems.

1. Introduction and computational details

The broad range of potential applications of metallic dustand thin metallic films in
nanomagnetism [1], spintronics [2] or multiferroic [3] dees has lead to increasing re-
search activities over the last decade. The exchange b&sdh particles, ferromagnetic
(FM) particles covered by their antiferromagnetic (AFM)ferrimagnetic native oxide
like Co-CoO [4] or in layered antiferromagnetic-ferromatio structures [5] has been
proposed or used in different applications, see [4] fornsfees. Progress in spintronics
will probably only be achieved - if in addition to charge @nt - one will understand how
to manipulate and control the spin current in the nanodeviogortant for the spin Hall
effect [6]. Another field of applications is alloying of chess which makes them more
complex than monometallic clusters but in particular readkem more interesting for
catalysis because of their much higher catalytic activignpared to the corresponding
monometallic clusters [7]. Thus, a further technologigelkthrough of using nanoparti-
cles on a large scale can be expected from their ability tepe catalytic reactions.
Therefore, we concentrate in this paper on multimetalle, Eo)-Pt and (Ni, Co)-Mn-
Ga nanoclusters. In particular, we are interested in theeanfte of magnetism on the
compositional ordering and phase separation. Differeniphmogies of the clusters as
function of the cluster size will also influence the catalyiehavior of the clusters. But
here we are not so much interested in nanoparticle catdysisn the ability of (Fe,
Co)-Pt and (Ni, Co)-Mn-Ga to act in storage media [8], maign&tape memory [9] and
magnetocaloric [10] devices, respectively. As an intrdimowe will discuss the physical
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properties of monometallic Fe nanoclusters because theypre of the rare examples
which explicitely allows to illustrate the influence of magjism on the cluster growth.

Most of the results for the bimetallic clusters discusselbwehave been obtained
from large-scaleb initio investigations carried out on the IBM Blue Gene/L and Blue
Gene/P supercomputer systems of the John von Neumanruén$tit Computing at
Forschungszentrum Jilich. In the density funtional thiemaiculations we mainly used
the Viennaab initio simulation package (VASP) [11] and the projector augmeitade
approach [12] with a sufficiently high plane wave cut-off gjyeandk-space integration
restricted to thé'-point. The size of the supercell containing the nanopani@as chosen
such that the distance between atoms of the periodic imagegxceeding 8. All nan-
oclusters were allowed to perform structural relaxatiéios further computational details
we refer to [13—15], where part of the results discusseddbkve been published.

The electronic structure calculations for the ternary negignHeusler clusters were
mainly undertaken using density functional theory methodeial-space on a fine grid
with spacing of 0.1A and the high-order finite difference method as implemeimetie
code PARSEC [16]. For computational details involving Heuslusters cut from the
half-metallic bulk material, see [17], for computationatalls involving the magnetic
shape memory nanoclusters, see [18].

2. Monometallic Feclusters

Iron and iron-oxide nanoparticles are biocompatible anu-toxic. They show a variety
of features which have made them a playground both in exgetiah[19-23] and in the-
oretical investigations [24—26]. Among the amazing prtipsione finds that the magnetic
moment depends stongly on the morphology and size of théectud 9, 24, 25]. On the
other hand, the shape controlled synthesis of of iron-or@l@oparticles offers the pos-
sibility for cubic, spherical and other morphologies [28p, tayloring of magnetic and
structural properties of the particles for storage devindbe nanorange may be possi-
ble. Intriguing is also the formation of chain- and knoteligtructures (self-assembled Fe
nanowires) in the gas phase or on substrates [21-23] wiretise formation is essen-
tially dominated by the long-range dipolar interactionvbetn the magnetic nanoparti-
cles. The generic phase diagram of how these structuregerager as a function of the
temperature or the external magnetic field has recently estblished [26].

Another recent observation is that magnetism and growthoof manoclusters are in-
terrelated. For cluster sizes consisting of more than c@.Bel atoms, the bcc-related
cluster structures are energetically more favorable titaarasomers [13]. This shows
that already small Fe clusters tend towards the bcc geormetrgsponding to the ground
state structure of FM bulk iron [13]. Other morphologieesally of icosahedral form,
may undergo a partial (shellwise) transformation alongMiaekay-path which connects
icosahedra and fcc-like cuboctahedral isomers [27]. Ttierlanay transform to the bcc
structure following essentially the Bain path [28]. Figdrdlustrates the Mackay trans-
formation from the perfect icosahedron to the perfect ctddwedron and the initial fcc
structure for the fce— bec Bain transformation. Within the shellwise Mackay tfans
mation (SMT) each of the completed geometric shells of thstel transforms to a differ-
ent degree, the inner shell of the nanoclusters shows aadhectral (fcc) structure while
the outer shells remain icosahedral. This can be descripditebparametes defined as
squared ratio of the two characteristic lengths in Fig. 1,
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Figure 1. Left and center: Icosahedron and cuboctahedrauringl the Mackay transformation, the bootlC' (left)
stretches and the two adjacent triangles turn into the sdame pThe capital letters refer to the same atomic sitesch ea
structure. Right: Face-centered cubic lattice with irsemii body-centered tetragonal Bain cell. The Bain transétion is
controlled by variation ot with respect taz andb. Figure adapted from [13], copyright (2007) by the Ameri€diysical
Society.

where ICO and CUBO stand for perfect icosahedron and cubedtan, respectively.

Although the SMT morphologies are only metastable states\fo> 147, they rep-
resent quite robust local minima in the potential energgémape. In fact, cuboctahedra
and icosahedra turn out to be instable against a transfmnmifislight distortions along
the Mackay path are imposed. This is demonstrated in Figr théocase of a 147 atom
Fe cluster, which consists of three closed geometric shélise, the evolution of three
differently initialized Fe47 isomers duringb initio conjugate gradient optimizations pro-
cedures are compared. The degree of transformation isntiett individually for each
shell by computings, i.e., the squared ratio between the distances of the catoers
belonging to the square facets of the cuboctahedron or thresgmnding two adjacent
triangular facets of the icosahedron, respectively, asctigpin Fig. 1. Already after a
few steps (in the order of 20) all three structures reachntisdly the same SMT struc-
ture, characterized by the different transformation degmorresponding to each shell,
ranging from mostly icosahedral for the innermost shellredominantly cuboctahedral
for the outermost shell.

A common neighbor analysis [31] reveals that this resultbdn-like environments

I Cuboctahedral
2.0 T e e
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©
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Conjugate gradient step

Figure 2. Evolution of the shell-wise decomposed degreeaosformation of three differently initialized Eg isomers

(a), (b), and (c) observed b initio conjugate gradient optimization runs. The initial morglyidés are homogeneously
transformed along the Mackay-path, but different degie8ss = 1.5 ands = 1.7 (for all shells) for (a), (b) and (c),
respectively. The three isomers are represented by the stidpe symbols (squares, circles and diamonds, resplggtive
while open symbols denote to the innermost shell, filled syimthe outermost and shaded ones the central shell of the
respective isomer.
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of the Fe atoms near the outer shells [13]. This clearly destmates the influence of
magnetism on the structure of Fe nanoclusters. If the nuoftsdrellsn exceeds a critical
value then the SMT clusters are no longer stable but tramsémttirely to the bcc structure
[32]. This happens forn. > 15 wheren is the number of complete atomic shells of the
cluster, which yieldsV = %(10713 + 15n2 + 11n + 3) for the number of atoms in perfect
icosahedra as well as fcc cuboctahedra.

The evolution of the energy landscape for different isonaara function of the cluster
size for iron nanoclusters with complete atomic shells @wshin Fig. 3, showing that
the SMT structure is preferred over the icosahedral and atabedral forms while the
bcc transformed cuboctahedron becomes lowest in energgldsters with number of
atoms larger than 147. Of further interest is the variatibthe average cluster magnetic
moment with the cluster size obtained from e initio calculations compared to the
experimental results of Billas at a fixed temperature of 14Q% 29, 30]. It is shown in
[13] that the zero-temperature calculations are accuraiagh to reproduce the variation
of the average magnetic moment with cluster size as obsanageriment [13, 33].

3. Coallinear versusnon-collinear spin momentsin monometallic Fe clusters

The tendency of forming non-collinear magnetic moments onametallic Fe and in
some bimetallic transition metal clusters has been stugiedy density functional theory
[25, 34, 35]. There are two observations. First, allowintydor collinear magnetic struc-
tures in the monometallic Fe nanoclusters in Sec. 2, we fiatftr all isomers besides
those with bcc geometry, the magnetic structure is of chedt/pe meaning that there is
a shellwise antiferromagnetic core while usually the twéeomost shells are ferromag-
netic. Second, when allowing for non-collinear magnetaeoing, the situation becomes
rather complex since the role of morphology of the clustegteonic correlation, spin-
orbit interaction and the energetic behavior of the clusién varying spin multiplicity
needs to be discussed.

For example, for a tiny cluster like Fehe energetic and magnetic relationships be-
tween local minima on the potential surface can be found 5 [Bere, the perfect trig-
onal bipyramid with non-collinear magnetic moments is loireenergy than the corre-
sponding cluster with collinear magnetic moments. Howewden relaxing the atomic
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Figure 3. Ab initio total energy of optimized (relaxed) Fe nanoclusters witmglete atomic shells showing that the
Mackay transformed iron clusters are favored with respethé other isomers. Reference energy for each clusterssize i
the bcc cluster (which corresponds to the Bain transformedctahedron) which is lowest in energy for cluster sizegela
than Fe47. Data originally published in [13], copyright (2007) by tAenerican Physical Society.
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positions the resulting structure is Jahn-Teller distbetad shows a collinear spin struc-
ture. When adding electronic correlations using the GGAmethod, in general collinear
magnetism is favored. When switching on spin-orbit intéeoea; the magnetic moments
become non-collinear, however, in many cases the nomeallity is a small effect. This
has been checked for the seCo,5 and Ni3 clusters for which larger deviations from
collinearity can be achieved by decorating the clusterk wiher magnetic atoms [35].
The orbital and spin magnetic moments as well as the magaeisotropy energy as
function of the rotation angle of the magnetic moment carooed in [35]. These inves-
tigations show systematic differences of spin and orbit@fjnetic moments as compared
to corresponding bulk values, in particular the magnetisatropy energy of the clusters
is orders of magnitude larger than the bulk values. For detsée [35]. Altogether, the
calculations show that further investigations of non4ioelar tendencies are required es-
pecially of what concerns the larger transition metal dwsftor which we findnagnetic
core-shell configurations

Sincemagnetic core-shell configuratiomeminds one of the discussion of of low- and
high-spin states in bulk fcc Fe and Fe-Ni [36], it is intei@gtto look a bit closer at the
dependence of energy on spin multiplicity for the smalleistérs. This is under current
investigations, here we cite some preliminary resultsiobtafor icosahedral Fe, Co, Ni
and FeNi and CoNi clusters [37]. For exampel, Fig. 4 shows ti@total energy of the
icosahedral structures of ;eand Cqs depends on the total spin moment for each cluster,
which was fixed for each run using the fixed spin moment metB8{ [n these calcula-
tion all spins have been kept collinear. For,g;ahere is some qualitative agreement with
previous calculations based on the discrete variatidivaimethod [39].

1.60 T T T T T T T 8.0 T T T T T T T T T
_ 140t @—@ LDA (not relaxed) B __ 70 @—@ LDA (not relaxed) —
§ B—8 GGA (not relaxed) S B—& GGA (not relaxed)
2 120t @—¢ GGA (relaxed) R 3 6.0f @— GGA (relaxed) b
L 8
> 100} E S 50r E
2 2
I o 4.0F h
S 0.80F . S Co,,
5 e 3ot 1
g 0.60 h g
° ° 20f h
@ 0.40 h 5
[ ] 1.0 b
g 020 h 5
0.0 E
0.00 b
1 1 1 1 1 1 1 _10 1 1 1 1 1 1 1 1 1 1
30 32 34 36 38 40 42 44 46 6 9 12 15 18 21 24 27 30 33
Spin moment () Spin moment (i)

Figure 4. Total energy of icosahedralig€left) and Cqs (right) as a function of the spin moment obtained by fixed spin

moment calculations. For each curve, the correspondingdbenergy state has been chosen as energy reference, which

for Fey3 is the high-spin state with 44 g/cluster (irrespective of whether the local density appration (LDA) or the
generalized gradient approximation (GGA) is used), thedpin state of Fg; with 34 up/cluster and a reversed central
spin is higher in energy. For Gg, we find several local minima, the lowest in energy using G@4 eelaxed structure is
again the high spin state (3idz/cluster). The figures show that it is essential to take etlar of the atomic position into
account.

4. Bimetallic (Fe, Co)Pt clusters

Bimetallic FePt and CoPt nanoclusters have been subjeatarfse experimental [40-48]
as well as theoretical [14, 49-56] investigations, in pattr because of their potential
use in miniaturized storage media requiring monodispeestt Ranoparticles and ferro-
magnetic FePt nanocrystal superlattices [57-59] and incetalysis where the catalytic
properties of highly dispersed supported bimetallics aexi60, 61].

The interest in FePt nanoclusters for applications in patjpeilar magnetic recording
is associated with the high magnetocrystalline anisotaffihe corresponding bulk ma-
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terial in the layered L{ structure with ac/a distortion of about 0.97 around kgt
[59, 62], see Fig. 6. The best quality nanoparticles witheargiiter of~ 5 nm can be used
to obtain self-organized FM arrays of dispersed Iphrticles. However, the coercivity
field, which can be achieved, is still an order of magnitudesiothan corresponding 1
bulk material [42, 63]. Figure 5 shows coercivity data offRizs taken from hysteresis
curves of the magnetization for different particle sizebjolr have been extrapolated to
zero temperature. At room temperature and for diameterserithan 6-7 nm, the coer-

5 T
Fe.,Pt,: H(T=0 ! ]
€g,Plyg’ H(T=0) !
4+ I -
1
1
L i i
I
@ 3 ! 1
(@] |
S 1 b
IUZ, ,‘ i
_______ ™
| - .. ———— -
1k i
0 | | |
2 4 6 8 10

Diameter d (nm)

Figure 5. Coercivity fields as a function of the size of the 35 clusters. The data have been extrapolated to zero
temperature from the room temperature measurements of/iierasis curves. Figure adapted from [42].

civity field drops to vanishingly small values due to surfaffects and associated twin
boundary formation or appearance of multiply twinned gtriees in the particles. This
has been checked tab initio calculations for FePt nanoclusters with a diameter of the
order of 2.5 nm showing that the multiply twinned clusters lwer in energy than the
L1, clusters [14]. Therefore, the interest in trimetallic FeP¢tlusters where the third
element may be chosen to favor theyglfbrmation. There is no ultimate solution so far,
molecular dynamics simulations seem to show that X = Ag or Ay ive a proper choice
since they allow to reduce the annealing temperature bylBI0CE [64], as these ele-
ments are expected to support ordering kinetics due to $tv@ing demixing tendencies
of their Fe-alloys. Other experiments aim at insertingagién into the particles in the
gas phase so that . nore easily forms due to atomic diffusion at elevated teraipees.
Accompanyingab initio simulations have still to be done. The difficulty to achieke t
L1, structure for the smaller cluster sizes (below 3 nm) becarbe®us if one compares
the energetic evolution of different isomers of the bimetalanoclusters as shown in Fig.
7. The calculations of the bimetallic FePt clusters havenloagried on the Blue Gene/L
in Julich, which have meanwhile been continued on the Bleadg&” up to a cluster size
of roughly 3 nm corresponding to a total number of atoms of [853. The trend shown
in Fig. 7 continues up this cluster size: The icosahedroh aliiernating Fe/Pt shells (c)
remains lower in energy than the d-brderd cuboctahedron (a).

Similar calculations have been performed for other binfietalusters of interest like
CoPt and FePd [14, 66], All calculations done so far for baflietclusters energetically
favor other morphologies and that theglidomer is in none of the cases lowest in energy.
In case of CoPt, the segregation tendency of Pt atoms to tifi@ceuof the nanoclus-
ters is more pronounced than for the FePt clusters. Therrattang segregation of Pt
in CoPt clusters has experimentally been confirmed and reatiby performing Monte
Carlo simulations [67]. However, there is a recent inténgsattempt to obtain 3 nm large
CoPt clusters in the Lglstructure by making samples of diluted layers of CoPt clgste
embedded in amorphous carbon. This seems to favor the fiormaitthe L1 geometry
and may be a promising route to get the desireg &ttucture with large magentocrys-
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talline anisotropy [68]. The (Fe, Co) clusters considerethis paper are all free clusters,
embedding the clusters would requéte initio calculations on an even larger scale.

5. Collinear versusnon-collinear spin momentsin bimetallic (Fe, Co)Pt clusters

Regardless of the morphology, the spin moments of Fe or Canalutted spin moments
of Pt of (Fe, Co)Pt have all been taken to be collinear in tHewtations. In contrast to
the monometallic Fe clusters. we observe no tendency foretersal of spin moments
in the inner shells of the (Fe, Co)Pt nanoclusters. Figured®vs the average magnetic
moment per atom of various morphologies as a function of thster size. The calcu-
lations of smaller transition metal clusters capped witta®ms show the existence of
non-collinear spin configurations, however, for the larger, Co)Pt clusters we have not
observed strong non-collinear trends. However, furthé&rutations are needed like, for
instance, a continuation @b initio calculations to finite temperatures by using an effec-
tive Heisenberg-like spin Hamiltonian.

6. Trimetallic (Ni, Co)MnGa clusters

First-principles calculations of the full Heusler alloyae shown an extreme variation of
the physical properties with small changes of the compwos{®, 69]. Even the magne-
tocaloric and inverse magnetocaloric effect can be obgdrvene and the same sample
with varying temperature [10]. One important ingredient é@currence of the magne-
tocaloric effect in the FM Heusler alloys is the coexisteatthe magnetic phase transi-
tion and the martensitic phase transformation (magneicistral phase transition) over a
substantial range of composition, temperature, magnelit find external pressure. For
instance, such a coupled magnetostructural phase tamsitists in Ni-Mn-Ga at larger
Ni excess concentrations shown in Fig. 9 where the magnedstuctural phase transi-
tion lines merge in the interval22 < = < 0.27 [70]. Note that the magnetocaloric effect
especially in the Heuslers MWInZ (Z = In, Sn, Sb) is connected with the observation
of competing FM and AFM interactions leading to metamagneffiects at temperatures
below the martensitic transformation [71].
In most experiments, polycrystalline samples are useduseoaf the difficulty to grow
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Figure 6. Equilibrium phase diagram and crystallograplriocsures of FePt with the Lglstructure around 50 at.% Fe.
The magnetic properties of thin films, nanocrystalline make and nanoparticles differ depending on the approaetl tes
achieve the L3 phase. Figure adapted from [59, 62].
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Figure 7. Ab initio energies of different morphologies of FePt nanoclusters fasiction of the cluster size. All clusters
have been relaxed during the calculations. For each cle&terthe energy reference is defined by the tliboctahedron
(upper left). Only the structures witV = 561 atoms (265 Fe and 296 Pt) are depicted in (for clarity thewafow each
morphology is directed to its corresponding symbol). Blpkeses refer to Fe atoms, brown spheres to Pt. The icoséhedra
structures on the right are shown as cross sections. Thefiustrates that the disordered structures are eneadjgtic
unfavorable while ordered core-shell structures or thedbedron with alternating Fe/Pt shells are energeticallpred

over the L} structure. Data originally published in [14], copyrighD(@8B) by the American Physical Society.
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Figure 8. Average magnetic moment per atom of various FePpmatogies as a function of the cluster size. The symbols
are the same as in Fig. 7. Data originally published in [1dfyeight (2008) by the American Physical Society.

single crystals. Therefore, it is an intriguing questionhiow far are the technologi-
cally relevant properties of bulk Heuslers survive if onesisanocrystalline materials
instead which may be easier to grow. We have performed a felinpnary investiga-
tions of free Heusler clusters. The main observation is finathe smaller clusters the
magnetic properties may drastically change due to the ntimgoentributions from the
surface atoms. Figure 10 highlights the energy landscapmiloit-like trimetallic Ni-
Mn-Ga Heusler clusters showing that the structures cldsestoichiometry have low-
est energies [18]. Clusters were prepared by cutting spdeiorms of specific radii
from bulk L2; NisMnGa (mostly with a Ga atom at the center of the cut fragment).
For the energetically favorable clusters with = 65, 169 atoms we have composi-
tions Nig2Mny4Gayg [Ni1.97Mng 86Gay.16] and NksMnzsGays [Nis.0s3Mng 9Gay g17] for
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Figure 9. Phase diagram of Ni,Mn; 1, Ga as a function of either Ni deficiency or Ni excess concénttaPM and

FM L2, denote the cubic paramagnetic and ferromagnetic phasg®atévely, 5M and /M denote the tetragonal phases
with ¢/a = 0.94. For Ni excess concentration Larger than 0.1, there is aigtdarhnsition for modulated to non-modulated
phases withe/a ~ 1.25. A magnetostructural phase transition occursf@2 < x < 0.27. Figure adapted from data
available in the literature, mainly from [70].
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Figure 10. Energy landscape of cubic-like trimetallic N&a Heusler clusters showing that the structures which are
closest to stoichiometryN = 65, 169 atoms) have lowest energies. Calculations have been daheh&iPARSEC code
[16]. The binding energy per atom has been obtained by stiistgathe sum of elemental energies of isolated atoms from
the total energies of the relaxed clusters. Figure adajpted [18].

which the corresponding bulk materials exhibit the magnstiape memory effect [9].
Stress versus strain curves in an external magnetic fielchengg versus:/a variation
need to be calculated for the individual clusters in ordesde in how far the magnetic
shape memory effect may be a typical property of Heuslenetagoo. This is under
current investigation.

We have also calculated Heusler clusters cut from bulkMBdGa which is of interest
for spin injection devices because of its half-metallicrelaéer and 100% spin polarization
in the majority-spin channel. It seems that for these ctubie 100% spin polarization is
reduced to due the surface with reversed spin moments, gge [1
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7. Coallinear versusnon-collinear spin momentsin trimetallic clusters (Ni, CoMnGa

Magnetism in ternary bulk systems like Mn(Ga, In, Sn, Sb) is mainly determined by
the interaction of the Ni and Mn spin moments on differentiatiices [74]. A close look
at the related binary systems like . NiMn (which is AFM) [72], L1, NigMn (where
ordered NiMn is strongly ferromagentic while disorderedsNin is only paramagnetic)
[73], and L2 NisGa (being a strongly exchange-enhanced paramagnet) athielas
to understand trends of the magnetic properties of the terspstems like the strong
admixture of AFM interactions when partially replacing Gelb, Sn or Sh. When making
films of nanoclusters mixtures of different structures aand the magnetic order seems
mostly to be determined by short-range magnetic order [¥&}ystematic search for the
cluster properties of NMn(Ga, In, Sn, Sb) covering compositions for which the shape
memory effect should be visible, and other compositionsvisich magnetocaloric effect
may be expected, has yet to be undertaken. We expect folldlyechlsters coexisting FM
and AFM interactions and a strong tendency for non-collirgggn moments of the Mn
atoms.

8. Conclusions

Multimetallic transition metal clusters show intriguingoperties, the richness of which

still needs to be explored in more details by further firstwgples calculations and exper-
iments. For the mono- and bimetallic Fe and FePt clusterfiave limited the discussion

to clusters with closed atomic shells in order not to meeh#essity to discuss properties
for all kind of morphologies. Here, we have seen that she#vilackay transformed clus-

ter can be understood by ferromagnetism influencing theesifisrmation. The richness

of Heusler clusters still requires further investigations
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