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First-principles investigations of multimetallic transition metal clusters
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This brief overview summarizes state-of-the-art of simulations of transition metal nanoclusters based on density functional theory calculations. Besides the monometallic clusters like iron, we focus on alloy nanoclusters like Fe-Pt, Co-Pt and (Ni, Co)-Mn-Ga which are of current interest for recording media and actuators involving the magnetic shape memory effect, respectively. Although catalysis it is not subject of the present paper, trimetallic nanoclusters are of special interest because the third element can be used to achieve higher catalytic and selective properties compared to the corresponding monometallic and bimetallic clusters. For clusters of Fe-Pt and Co-Pt below a critical size, the L1 2 structure with its technologically relevant high magnetocrystalline anisotropy is difficult to stabilize. For trimetallic systems like Ni-Mn-Ga, the rather versatile properties of the bulk material can be used to achieve shape changes or magnetocaloric effects (depending on the composition) also in nanoclusters. Important is here that it might be cheaper to manufacture the nanocrystalline materials from the trimetallic nanoclusters than to fabricate corresponding single-crystal bulk systems.

Introduction and computational details

The broad range of potential applications of metallic clusters and thin metallic films in nanomagnetism [START_REF]Advanced Magnetic Nanostructures[END_REF], spintronics [START_REF] Wolf | [END_REF] or multiferroic [3] devices has lead to increasing research activities over the last decade. The exchange bias in small particles, ferromagnetic (FM) particles covered by their antiferromagnetic (AFM) or ferrimagnetic native oxide like Co-CoO [4] or in layered antiferromagnetic-ferromagnetic structures [5] has been proposed or used in different applications, see [4] for references. Progress in spintronics will probably only be achieved -if in addition to charge current -one will understand how to manipulate and control the spin current in the nanodevices important for the spin Hall effect [6]. Another field of applications is alloying of clusters which makes them more complex than monometallic clusters but in particular renders them more interesting for catalysis because of their much higher catalytic activity compared to the corresponding monometallic clusters [7]. Thus, a further technological breakthrough of using nanoparticles on a large scale can be expected from their ability to speed up catalytic reactions.

Therefore, we concentrate in this paper on multimetallic (Fe, Co)-Pt and (Ni, Co)-Mn-Ga nanoclusters. In particular, we are interested in the influence of magnetism on the compositional ordering and phase separation. Different morphologies of the clusters as function of the cluster size will also influence the catalytic behavior of the clusters. But here we are not so much interested in nanoparticle catalysis but on the ability of (Fe, Co)-Pt and (Ni, Co)-Mn-Ga to act in storage media [8], magnetic shape memory [9] and magnetocaloric [10] devices, respectively. As an introduction we will discuss the physical properties of monometallic Fe nanoclusters because they are one of the rare examples which explicitely allows to illustrate the influence of magnetism on the cluster growth. Most of the results for the bimetallic clusters discussed below have been obtained from large-scale ab initio investigations carried out on the IBM Blue Gene/L and Blue Gene/P supercomputer systems of the John von Neumann Institue for Computing at Forschungszentrum Jülich. In the density funtional theory calculations we mainly used the Vienna ab initio simulation package (VASP) [11] and the projector augmented wave approach [12] with a sufficiently high plane wave cut-off energy and k-space integration restricted to the Γ-point. The size of the supercell containing the nanoparticle was chosen such that the distance between atoms of the periodic images was exceeding 9 Å. All nanoclusters were allowed to perform structural relaxations. For further computational details we refer to [13][14][15], where part of the results discussed below have been published.

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

Monometallic Fe clusters

Iron and iron-oxide nanoparticles are biocompatible and non-toxic. They show a variety of features which have made them a playground both in experimental [19][20][21][22][23] and in theoretical investigations [24][25][26]. Among the amazing properties one finds that the magnetic moment depends stongly on the morphology and size of the clusters [19,24,25]. On the other hand, the shape controlled synthesis of of iron-oxide nanoparticles offers the possibility for cubic, spherical and other morphologies [20]. So, tayloring of magnetic and structural properties of the particles for storage devices in the nanorange may be possible. Intriguing is also the formation of chain-and knot-like structures (self-assembled Fe nanowires) in the gas phase or on substrates [21][22][23] where structure formation is essentially dominated by the long-range dipolar interaction between the magnetic nanoparticles. The generic phase diagram of how these structures emerge either as a function of the temperature or the external magnetic field has recently been established [26].

Another recent observation is that magnetism and growth of iron nanoclusters are interrelated. For cluster sizes consisting of more than ca. 147 Fe atoms, the bcc-related cluster structures are energetically more favorable than other isomers [13]. This shows that already small Fe clusters tend towards the bcc geometry corresponding to the ground state structure of FM bulk iron [13]. Other morphologies, especially of icosahedral form, may undergo a partial (shellwise) transformation along the Mackay-path which connects icosahedra and fcc-like cuboctahedral isomers [27]. The latter may transform to the bcc structure following essentially the Bain path [28]. Figure 1 illustrates the Mackay transformation from the perfect icosahedron to the perfect cuboctahedron and the initial fcc structure for the fcc → bcc Bain transformation. Within the shellwise Mackay transformation (SMT) each of the completed geometric shells of the cluster transforms to a different degree, the inner shell of the nanoclusters shows cuboctrahedral (fcc) structure while the outer shells remain icosahedral. This can be described by the parameter s defined as squared ratio of the two characteristic lengths in Fig. 1, where ICO and CUBO stand for perfect icosahedron and cuboctahedron, respectively. Although the SMT morphologies are only metastable states for N ≥ 147, they represent quite robust local minima in the potential energy landscape. In fact, cuboctahedra and icosahedra turn out to be instable against a transformation if slight distortions along the Mackay path are imposed. This is demonstrated in Fig. 2 for the case of a 147 atom Fe cluster, which consists of three closed geometric shells. Here, the evolution of three differently initialized Fe 147 isomers during ab initio conjugate gradient optimizations procedures are compared. The degree of transformation is determined individually for each shell by computing s, i.e., the squared ratio between the distances of the corner atoms belonging to the square facets of the cuboctahedron or the corresponding two adjacent triangular facets of the icosahedron, respectively, as depicted in Fig. 1. Already after a few steps (in the order of 20) all three structures reach essentially the same SMT structure, characterized by the different transformation degrees corresponding to each shell, ranging from mostly icosahedral for the innermost shell to predominantly cuboctahedral for the outermost shell.

s = AC AB 2 = 1 : ICO 2 : CU BO
A common neighbor analysis [31] reveals that this results in bcc-like environments of the Fe atoms near the outer shells [13]. This clearly demonstrates the influence of magnetism on the structure of Fe nanoclusters. If the number of shells n exceeds a critical value then the SMT clusters are no longer stable but transform entirely to the bcc structure [32]. This happens for n > 15 where n is the number of complete atomic shells of the cluster, which yields N = 1 3 (10n 3 + 15n 2 + 11n + 3) for the number of atoms in perfect icosahedra as well as fcc cuboctahedra.

The evolution of the energy landscape for different isomers as a function of the cluster size for iron nanoclusters with complete atomic shells is shown in Fig. 3, showing that the SMT structure is preferred over the icosahedral and cuboctahedral forms while the bcc transformed cuboctahedron becomes lowest in energy for clusters with number of atoms larger than 147. Of further interest is the variation of the average cluster magnetic moment with the cluster size obtained from the ab initio calculations compared to the experimental results of Billas at a fixed temperature of 120 K [19,29,30]. It is shown in [13] that the zero-temperature calculations are accurate enough to reproduce the variation of the average magnetic moment with cluster size as observed in experiment [13,33].

Collinear versus non-collinear spin moments in monometallic Fe clusters

The tendency of forming non-collinear magnetic moments in monometallic Fe and in some bimetallic transition metal clusters has been studied using density functional theory [25,34,35]. There are two observations. First, allowing only for collinear magnetic structures in the monometallic Fe nanoclusters in Sec. 2, we find that for all isomers besides those with bcc geometry, the magnetic structure is of core-shell type meaning that there is a shellwise antiferromagnetic core while usually the two outermost shells are ferromagnetic. Second, when allowing for non-collinear magnetic ordering, the situation becomes rather complex since the role of morphology of the cluster, electronic correlation, spinorbit interaction and the energetic behavior of the cluster with varying spin multiplicity needs to be discussed.

For example, for a tiny cluster like Fe 5 the energetic and magnetic relationships between local minima on the potential surface can be found in [25]: Here, the perfect trigonal bipyramid with non-collinear magnetic moments is lower in energy than the corresponding cluster with collinear magnetic moments. However, when relaxing the atomic positions the resulting structure is Jahn-Teller distorted and shows a collinear spin structure. When adding electronic correlations using the GGA + U method, in general collinear magnetism is favored. When switching on spin-orbit interaction, the magnetic moments become non-collinear, however, in many cases the non-collinearity is a small effect. This has been checked for the Fe 13 , Co 13 and Ni 13 clusters for which larger deviations from collinearity can be achieved by decorating the clusters with other magnetic atoms [35]. The orbital and spin magnetic moments as well as the magnetic anisotropy energy as function of the rotation angle of the magnetic moment can be found in [35]. These investigations show systematic differences of spin and orbital magnetic moments as compared to corresponding bulk values, in particular the magnetic anisotropy energy of the clusters is orders of magnitude larger than the bulk values. For details, see [35]. Altogether, the calculations show that further investigations of non-collinear tendencies are required especially of what concerns the larger transition metal clusters for which we find magnetic core-shell configurations.

Since magnetic core-shell configurations reminds one of the discussion of of low-and high-spin states in bulk fcc Fe and Fe-Ni [START_REF] Wassermann | Invar: Moment-Volume Instabilities in Transition Metals and Alloys[END_REF], it is interesting to look a bit closer at the dependence of energy on spin multiplicity for the smaller clusters. This is under current investigations, here we cite some preliminary results obtained for icosahedral Fe, Co, Ni and FeNi and CoNi clusters [START_REF] Sahoo | [END_REF]. For exampel, Fig. 4 shows how the total energy of the icosahedral structures of Fe 13 and Co 13 depends on the total spin moment for each cluster, which was fixed for each run using the fixed spin moment method [START_REF] Moruzzi | [END_REF]. In these calculation all spins have been kept collinear. For Co 13 , there is some qualitative agreement with previous calculations based on the discrete variational Xα method [39]. For each curve, the corresponding lowest energy state has been chosen as energy reference, which for Fe 13 is the high-spin state with 44 µ B /cluster (irrespective of whether the local density approximation (LDA) or the generalized gradient approximation (GGA) is used), the low-spin state of Fe 13 with 34 µ B /cluster and a reversed central spin is higher in energy. For Co 13 , we find several local minima, the lowest in energy using GGA and relaxed structure is again the high spin state (31 µ B /cluster). The figures show that it is essential to take relaxation of the atomic position into account.

Bimetallic (Fe, Co)Pt clusters

Bimetallic FePt and CoPt nanoclusters have been subject of intense experimental [40][41][42][43][44][45][46][47][48] as well as theoretical [14,[49][50][51][52][53][54][55][56] investigations, in particular because of their potential use in miniaturized storage media requiring monodisperse FePt nanoparticles and ferromagnetic FePt nanocrystal superlattices [57][58][59] and in nanocatalysis where the catalytic properties of highly dispersed supported bimetallics are used [60,61].

The interest in FePt nanoclusters for applications in perpendicular magnetic recording is associated with the high magnetocrystalline anisotropy of the corresponding bulk ma- terial in the layered L1 0 structure with a c/a distortion of about 0.97 around Fe 50 Pt 50 [59,[START_REF]Binary Alloy Phase Diagrams[END_REF], see Fig. 6. The best quality nanoparticles with a diameter of ∼ 5 nm can be used to obtain self-organized FM arrays of dispersed L1 0 particles. However, the coercivity field, which can be achieved, is still an order of magnitude lower than corresponding L1 0 bulk material [42,[START_REF] Wiedwald | [END_REF]. Figure 5 shows coercivity data of Fe 62 Pt 38 taken from hysteresis curves of the magnetization for different particle sizes, which have been extrapolated to zero temperature. At room temperature and for diameters lower than 6-7 nm, the coer- civity field drops to vanishingly small values due to surface effects and associated twin boundary formation or appearance of multiply twinned structures in the particles. This has been checked by ab initio calculations for FePt nanoclusters with a diameter of the order of 2.5 nm showing that the multiply twinned clusters are lower in energy than the L1 0 clusters [14]. Therefore, the interest in trimetallic FePt-X clusters where the third element may be chosen to favor the L1 0 formation. There is no ultimate solution so far, molecular dynamics simulations seem to show that X = Ag or Au may be a proper choice since they allow to reduce the annealing temperature by 100-150 • C [START_REF] Zafiropoulou | [END_REF], as these elements are expected to support ordering kinetics due to their strong demixing tendencies of their Fe-alloys. Other experiments aim at inserting nitrogen into the particles in the gas phase so that L1 0 more easily forms due to atomic diffusion at elevated temperatures. Accompanying ab initio simulations have still to be done. The difficulty to achieve the L1 0 structure for the smaller cluster sizes (below 3 nm) becomes obvious if one compares the energetic evolution of different isomers of the bimetallic nanoclusters as shown in Fig. 7. The calculations of the bimetallic FePt clusters have been carried on the Blue Gene/L in Jülich, which have meanwhile been continued on the Blue Gene/P up to a cluster size of roughly 3 nm corresponding to a total number of atoms of 923 [65]. The trend shown in Fig. 7 continues up this cluster size: The icosahedron with alternating Fe/Pt shells (c) remains lower in energy than the L1 0 -orderd cuboctahedron (a).

Similar calculations have been performed for other bimetallic clusters of interest like CoPt and FePd [14,66], All calculations done so far for bimetallic clusters energetically favor other morphologies and that the L1 0 isomer is in none of the cases lowest in energy. In case of CoPt, the segregation tendency of Pt atoms to the surface of the nanoclusters is more pronounced than for the FePt clusters. The rather strong segregation of Pt in CoPt clusters has experimentally been confirmed and modelled by performing Monte Carlo simulations [67]. However, there is a recent interesting attempt to obtain 3 nm large CoPt clusters in the L1 0 structure by making samples of diluted layers of CoPt clusters embedded in amorphous carbon. This seems to favor the formation of the L1 0 geometry and may be a promising route to get the desired L1 0 structure with large magentocrys- talline anisotropy [68]. The (Fe, Co) clusters considered in this paper are all free clusters, embedding the clusters would require ab initio calculations on an even larger scale.

Collinear versus non-collinear spin moments in bimetallic (Fe, Co)Pt clusters

Regardless of the morphology, the spin moments of Fe or Co and induced spin moments of Pt of (Fe, Co)Pt have all been taken to be collinear in the calculations. In contrast to the monometallic Fe clusters. we observe no tendency for the reversal of spin moments in the inner shells of the (Fe, Co)Pt nanoclusters. Figure 8 shows the average magnetic moment per atom of various morphologies as a function of the cluster size. The calculations of smaller transition metal clusters capped with Pt atoms show the existence of non-collinear spin configurations, however, for the larger (Fe, Co)Pt clusters we have not observed strong non-collinear trends. However, further calculations are needed like, for instance, a continuation of ab initio calculations to finite temperatures by using an effective Heisenberg-like spin Hamiltonian.

Trimetallic (Ni, Co)MnGa clusters

First-principles calculations of the full Heusler alloys have shown an extreme variation of the physical properties with small changes of the composition [9,69]. Even the magnetocaloric and inverse magnetocaloric effect can be observed in one and the same sample with varying temperature [10]. One important ingredient for occurrence of the magnetocaloric effect in the FM Heusler alloys is the coexistence of the magnetic phase transition and the martensitic phase transformation (magnetostructural phase transition) over a substantial range of composition, temperature, magnetic field and external pressure. For instance, such a coupled magnetostructural phase transition exists in Ni-Mn-Ga at larger Ni excess concentrations shown in Fig. 9 where the magnetic and structural phase transition lines merge in the interval 0.22 < x < 0.27 [70]. Note that the magnetocaloric effect especially in the Heuslers Ni 2 MnZ (Z = In, Sn, Sb) is connected with the observation of competing FM and AFM interactions leading to metamagnetic effects at temperatures below the martensitic transformation [71].

In most experiments, polycrystalline samples are used because of the difficulty to grow single crystals. Therefore, it is an intriguing question in how far are the technologically relevant properties of bulk Heuslers survive if one uses nanocrystalline materials instead which may be easier to grow. We have performed a few preliminary investigations of free Heusler clusters. The main observation is that for the smaller clusters the magnetic properties may drastically change due to the magnetic contributions from the surface atoms. Figure 10 highlights the energy landscape of cubic-like trimetallic Ni-Mn-Ga Heusler clusters showing that the structures closest to stoichiometry have lowest energies [18]. Clusters were prepared by cutting spherical forms of specific radii from bulk L2 which the corresponding bulk materials exhibit the magnetic shape memory effect [9]. Stress versus strain curves in an external magnetic field or energy versus c/a variation need to be calculated for the individual clusters in order to see in how far the magnetic shape memory effect may be a typical property of Heusler clusters too. This is under current investigation.

We have also calculated Heusler clusters cut from bulk Co 2 MnGa which is of interest for spin injection devices because of its half-metallic character and 100% spin polarization in the majority-spin channel. It seems that for these cluster the 100% spin polarization is reduced to due the surface with reversed spin moments, see [17]. Magnetism in ternary bulk systems like Ni 2 Mn(Ga, In, Sn, Sb) is mainly determined by the interaction of the Ni and Mn spin moments on different sublattices [START_REF] Kübler | Theory of itinerant Electron Magnetism[END_REF]. A close look at the related binary systems like L1 0 NiMn (which is AFM) [START_REF] Nakamura | [END_REF], L1 2 Ni 3 Mn (where ordered Ni 3 Mn is strongly ferromagentic while disordered Ni 3 Mn is only paramagnetic) [73], and L2 1 Ni 3 Ga (being a strongly exchange-enhanced paramagnet) at least helps to understand trends of the magnetic properties of the ternary systems like the strong admixture of AFM interactions when partially replacing Ga by In, Sn or Sb. When making films of nanoclusters mixtures of different structures occur and the magnetic order seems mostly to be determined by short-range magnetic order [76]. A systematic search for the cluster properties of Ni 2 Mn(Ga, In, Sn, Sb) covering compositions for which the shapememory effect should be visible, and other compositions for which magnetocaloric effect may be expected, has yet to be undertaken. We expect for the alloy clusters coexisting FM and AFM interactions and a strong tendency for non-collinear spin moments of the Mn atoms.

Conclusions

Multimetallic transition metal clusters show intriguing properties, the richness of which still needs to be explored in more details by further first-principles calculations and experiments. For the mono-and bimetallic Fe and FePt clusters, we have limited the discussion to clusters with closed atomic shells in order not to meet the necessity to discuss properties for all kind of morphologies. Here, we have seen that shellwise Mackay transformed cluster can be understood by ferromagnetism influencing the cluster formation. The richness of Heusler clusters still requires further investigations. 

Figure 1 .

 1 Figure 1. Left and center: Icosahedron and cuboctahedron -during the Mackay transformation, the bond AC (left) stretches and the two adjacent triangles turn into the same plane. The capital letters refer to the same atomic sites in each structure. Right: Face-centered cubic lattice with inscribed body-centered tetragonal Bain cell. The Bain transformation is controlled by variation of c with respect to a and b. Figure adapted from [13], copyright (2007) by the American Physical Society.

Figure 2 .

 2 Figure 2. Evolution of the shell-wise decomposed degree of transformation of three differently initialized Fe 147 isomers (a), (b), and (c) observed in ab initio conjugate gradient optimization runs. The initial morphologies are homogeneously transformed along the Mackay-path, but different degrees 1.3, s = 1.5 and s = 1.7 (for all shells) for (a), (b) and (c), respectively. The three isomers are represented by the shape of the symbols (squares, circles and diamonds, respectively), while open symbols denote to the innermost shell, filled symbols the outermost and shaded ones the central shell of the respective isomer.

Figure 4 .

 4 Figure 4. Total energy of icosahedral Fe 13 (left) and Co 13 (right) as a function of the spin moment obtained by fixed spin moment calculations. For each curve, the corresponding lowest energy state has been chosen as energy reference, which for Fe 13 is the high-spin state with 44 µ B /cluster (irrespective of whether the local density approximation (LDA) or the generalized gradient approximation (GGA) is used), the low-spin state of Fe 13 with 34 µ B /cluster and a reversed central spin is higher in energy. For Co 13 , we find several local minima, the lowest in energy using GGA and relaxed structure is again the high spin state (31 µ B /cluster). The figures show that it is essential to take relaxation of the atomic position into account.

Figure 5 .

 5 Figure 5. Coercivity fields as a function of the size of the Fe 62 Pt 38 clusters. The data have been extrapolated to zero temperature from the room temperature measurements of the hysteresis curves. Figure adapted from [42].

Figure 6 .

 6 Figure 6. Equilibrium phase diagram and crystallographic structures of FePt with the L1 0 structure around 50 at.% Fe.The magnetic properties of thin films, nanocrystalline materials and nanoparticles differ depending on the approach used to achieve the L1 0 phase. Figure adapted from[59,[START_REF]Binary Alloy Phase Diagrams[END_REF].
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 78 Figure 7. Ab initio energies of different morphologies of FePt nanoclusters as a function of the cluster size. All clusters have been relaxed during the calculations. For each cluster size the energy reference is defined by the L1 0 cuboctahedron (upper left). Only the structures with N = 561 atoms (265 Fe and 296 Pt) are depicted in (for clarity the arrow for each morphology is directed to its corresponding symbol). Blue spheres refer to Fe atoms, brown spheres to Pt. The icosahedral structures on the right are shown as cross sections. The figure illustrates that the disordered structures are energetically unfavorable while ordered core-shell structures or the icosahedron with alternating Fe/Pt shells are energetically favored over the L1 0 structure. Data originally published in [14], copyright (2008) by the American Physical Society.

Figure 9 .Figure 10 .

 910 Figure 9. Phase diagram of Ni 2±x Mn 1-±x Ga as a function of either Ni deficiency or Ni excess concentration. PM and FM L2 1 denote the cubic paramagnetic and ferromagnetic phases, respectively, 5M and /M denote the tetragonal phases with c/a = 0.94. For Ni excess concentration Larger than 0.1, there is a gradual transition for modulated to non-modulated phases with c/a ∼ 1.25. A magnetostructural phase transition occurs for 0.22 < x < 0.27. Figure adapted from data available in the literature, mainly from [70].
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 7 Collinear versus non-collinear spin moments in trimetallic clusters (Ni, Co)MnGa
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  Ni 2 MnGa (mostly with a Ga atom at the center of the cut fragment). For the energetically favorable clusters with N = 65, 169 atoms we have compositions Ni 32 Mn 14 Ga 19 [Ni 1.97 Mn 0.86 Ga 1.16 ] and Ni 88 Mn 38 Ga 43 [Ni 2.083 Mn 0.9 Ga 1.917 ] for
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