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We have undertaken theoretical studies of spin and orbital magnetic moments as well as magnetic anisotropy
energies for M3 (M=Fe,Co,Ni) and M 5Pt, (n=3,4,5,20) clusters including the spin-orbit coupling in the
framework of density functional theory. For all M5 clusters considered we find tendencies for small structural
distortions which can be characterized by either Jahn-Teller (JT) or Mackay transformations (MT). The mag-
netic anisotropy energy (MAE) along with the spin and orbital moments are calculated for M3 icosahedral
clusters and the angle-dependent energy differences are modeled using a Néel model with local anisotropies.
From our studies, the MAE for JT-distorted M5 clusters are found to be larger relative to the MT clusters and
more than two orders of magnitude larger compared to the corresponding bcc or fcc bulk values. In addition,
we demonstrate for one example that Pt capping may further enhance the MAE compared to the uncapped JT-

and the Mackay-distorted Fe 5 cluster.
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I. INTRODUCTION

Small transition-metal clusters may be functionalized and
used in magnetic nanometer devices. This requires knowl-
edge of the expected spin and orbital magnetic moments as
well as of magnetic anisotropy energies. Density functional
theory (DFT) is an adequate tool to obtain useful information
on the physical properties of small clusters. However, with
respect to magnetic properties, the variations in magnetic
moments with cluster size and morphology do frequently not
allow to establish a clear trend. Also, the exchange coupling
in free Fe clusters was found to depend on the cluster size
and on the position of the cluster atoms involved in a com-
plex way with no obvious systematics.!? Still, certain gen-
eral statements can be made. It may be safely concluded that
the local magnetic moments in the outer shells of clusters are
enhanced, compared to the interior or to the corresponding
bulk crystal.>*¢ This effect is due to the reduced atomic co-
ordination at the surface and is well confirmed by
experiment.” Regarding the influence of structure, an analy-
sis of cluster morphologies, by both experiment and
theory,3'* reveals the importance of geometries with icosa-
hedral symmetry, prohibited in periodic structures. The di-
versity of cluster structures in combination with the surface
enhancement of magnetic moments make clusters interesting
model objects for tuning magnetic properties at the nano-
meter scale.!
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When addressing magnetic properties of clusters from the
computational point of view at a realistic level, it is impor-
tant to take into account two specific issues: (i) a possible
noncollinear (NC) setting of magnetic moments (i.e., a
smooth variation in the magnetization density vector from
point to point in space) and (ii) spin-orbit interaction (SOI),
along with the existence of orbital moments. Both issues
have a long record of incorporation into first-principles DFT
calculations and are internally related: they mix the spin-up
and spin-down states and must be, in principle, treated along-
side on equal footing (see, e.g., Refs. 16 and 17 for a re-
view). Discussing specifically DFT calculations for clusters,
one notes certain technical difficulties in combining NC spin
density with the SOI, which acted so far as a limiting factor
on the number of calculations performed, and the size of
clusters treated: lack of symmetry, big effect of structure re-
laxation, slow convergence of the calculations, and large size
of simulation cell around a free cluster if the method works
with periodic boundary conditions. Moreover there is a con-
ceptual problem of choosing a “correct” noncollinear solu-
tion among many apparently close metastable configurations.
Different groups report very different results for the same
systems (e.g., Refs. 18-20) so that a preference of one or
another result is not obvious. This means that a clear defini-
tion of structural and magnetic models and a careful analysis
of their consequences are crucial.

A better understanding of the origin of large orbital mag-
netic moments and large magnetic anisotropy energies
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(MAE) in clusters?!?? is required in order to manipulate ma-
terial parameters of potential interest, e.g., for magnetic data
storage devices. Binary 3d-5d clusters can be a challenging
material in this respect since non magnetic bulk 4d and 5d
elements such as Rh, Pt, and Au attain significant moments
when alloyed with magnetic 3d transition metals.?326

In the present work, we analyze icosahedral M3 (M
=Fe,Co,Ni) clusters and the effect of capping them with Pt
atoms. Several theoretical studies on the magnetic anisotropy
of supported clusters'>?"32 as well as related studies on
small free clusters’3—3® have recently been published. Recent
work on M5 clusters*># focused on the stability and on spin
magnetic properties but did not consider spin-orbit effects.

The motivation for the present study is that M3 clusters
with a structure close to an icosahedral one are known to be
very stable*®!2 and that alloying of 3d transition metals with
Pt results in large magnetic anisotropy as well as in large
orbital moment.*! Hence, it is expected that the orbital mo-
ments and the MAE of M 5 clusters will be strongly affected
by capping with Pt.

Most of our DFT calculations have been done with the
plane-wave code Vienna ab initio simulation package
(VASP).*?=%* For test purposes and for validating the results of
calculations on noncapped icosahedral clusters, we per-
formed calculations also with a local-orbitals code, Spanish
initiative for electronic simulations with thousands of atoms
(SIESTA).* As the two methods are very different in what
regards the technical implementation of the DFT calculation
scheme, and both have been earlier used in calculations of
magnetic clusters, their direct comparison might be of its
own interest. In addition, further test calculations for the bi-
nary clusters were done using the all-electron local-orbital
code full-potential local-orbital scheme (FPLO).* In this re-
spect, it is important to note that the all-electron calculations
confirm the results obtained with VASP and SIESTA.

The paper is organized as follows. Section II outlines the
computational methods and setup. Section III deals with the
results for monometallic icosahedral clusters, notably a com-
parison between VASP and SIESTA results. Section IV dis-
cusses the results for capped clusters, obtained with the VASP
code. We have made a comparison between VASP and FPLO
for one of the capped clusters. Conclusions are drawn in
Sec. V.

II. COMPUTATIONAL METHODS

Most of the DFT calculations in the present work were
performed with the VASP code,*”** version 4.6.28 and
higher, using the generalized gradient approximation (GGA).
The parameterization by Perdew and Wang (PW91) was used
for the exchange and correlation functional.*’ VASP uses the
projector augmented wave method***® and a plane-wave-
basis set. Periodic boundary conditions were imposed onto
large enough cubic cells with an edge length of 15 A for
M5 clusters and 20 A for M 13Pt, clusters which sufficiently
reduces the interaction between replicated cluster images.
Since the system of interest is nonperiodic, only the I" point
was used for the Brillouin-zone sampling for the cluster cal-
culations. Gaussian broadening for the discrete energy levels
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FIG. 1. (Color online) The ideal icosahedral cluster showing the
x-z plane in which the angle @ is varied in the MAE calculations.
The same setting was used for partially Mackay-transformed clus-
ters (see below). E, F, and A abbreviate directions from the center to
the middle of an edge, the middle of a facet, and an outer atom,
respectively. As 6 is varied from O to 77/2, the magnetization direc-
tion scans E-F-A-E in succession.

of 0.05 eV, a plane-wave cutoff of 270 eV, and a Fourier grid
spacing of 0.05 A~! were applied for all calculations except
for the MAE calculations, see below. The energy conver-
gence criterion for the self-consistency was set to 10710 eV,
A k mesh of (11X 11X 11) divisions and Gaussian broaden-
ing as in the cluster calculations was used for the bulk cal-
culations to compute the equilibrium lattice constants of bcc
Fe, fcc Ni, and fcc Co. The values for local magnetic mo-
ments were obtained by integration of the magnetization
density over atom-centered spheres with radii of 1.302 A
(Fe, Co), 1.286 A (Ni), and 1.455 A (Pt).

The MAE is defined as the variation in the total energy
E"(e,,), as the magnetization takes different orientations e,
(|e,,|=1) with respect to the crystalline or molecular frame.
Extrema of the MAE are usually but not exclusively found if
the magnetization points along a symmetry axis. Thus, it is
convenient to orient such an axis parallel to the z axis and to
define the reference energy as E*(0, 0, 1). Consequently,
the MAE is AE(e,,)=E""(e,,)—E"*(0, 0, 1). In the calcula-
tions reported below we made use of the so-called “magnetic
force theorem.”*” This means that we approximated the total
energy difference by the related difference of single-electron
eigenvalue sums, AE(e,,) = E*(e,,)—E*(0, 0, 1).

In an ideal icosahedron, AE(e,,) is a highly symmetric
function with an irreducible area for the choice of e, filling
only 1/120 of the unit sphere. For this reason we restricted
our calculations to a path with a single varying parameter,
the polar angle 6, going in such way as to scan through the
symmetry axes. Figure 1 depicts our choice for the ideal
icosahedron: for #=0, the magnetization is directed parallel
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to an axis passing through the central atom and the center of
a bond connecting two outer atoms; if € is gradually in-
creased, the magnetization direction passes through the cen-
ter of a triangular facet, through an outer atom and finally
arrives again at a bond center for =/2. Thus, the path
scans all edges of an irreducible segment of the icosahedral
surface.

As is well known, the MAE for cubic bulk transition met-
als is in the order of 10 eV per atom. Thus, special care is
demanded for the study of the MAE both in bulk systems
and in clusters because any tiny error can accumulate and
produce misleading results while dealing with energy differ-
ences of such a small scale. To obtain meaningful results
presupposes that the charge density must be extremely well
converged and consistent with the symmetry of the system. A
distortion of the symmetry might occur due to both numeri-
cal fluctuations (which can to a limited extent be controlled
by, e.g., the choice of energy cutoff and Fourier grid) and
perturbations by the setup of the model system itself, e.g.,
due to the electrostatic interaction between periodic images
of the supercell. If MAE has to be calculated for a relaxed
structure (see below), the structural relaxation has to be pur-
sued to sufficiently small values of residual forces on atoms,
not exceeding 107° eV/A in our case. In order to calculate
the magnetic anisotropy, we used a Gaussian half-width pa-
rameter of 0.01 eV for the discrete energy levels. A very high
plane-wave cut-off value of 1000 eV as well as a dense Fou-
rier grid spacing of 0.046 A~! in each direction was taken.

Another difficulty about MAE concerns the treatment of a
NC magnetic density. If imposed without constraints and
implemented to the point of finding the global minimum of
the magnetic state, it would contradict the aim of tracing the
magnetization direction to extract the MAE. Therefore, our
MAE calculations were done perturbatively, using the collin-
ear spin, varying the global spin axis. A more correct ap-
proach would have been to enforce the convergence of NC
magnetic structures in a series of relativistic calculations,
repeated for a sequence of external magnetic fields along e,,,.
The possible effect of a truly NC spin density was tested for
two systems, Fej; and Coy3, in calculations starting from a
collinear (parallel to [001]) spin density. The NC spin and
orbital moments were compared to those obtained, for the
same cluster geometry and the same initial magnetization, by
the SIESTA method,* see Sec. III B.

Differently from VASP, SIESTA uses localized atom-
centered basis functions. These functions were generated to
the “double-{ with polarization orbitals” quality (and triple-£
for 3d functions) according to the standard scheme of the
SIESTA method,>® version 1.4.13, with the “energy shift” pa-
rameter, which controls the localization of basis functions
taken 0.01 Ry. Norm-conserving pseudopotentials of Troul-
lier and Martins®! were used; the calculations were done us-
ing the GGA, with the parameterization of the exchange-
correlation functional after Perdew, Burke, and Ernzerhof.?2
The treatment of the SOI was included as described by
Fernandez-Seivane et al.>

The starting point of all calculations, for the MAE in col-
linear spin setting as well as for the NC magnetic treatment
by VASP and by SIESTA, was a structural relaxation of the
clusters, done by VASP in the scalar relativistic mode and
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using a conjugate-gradient algorithm. From there on, spin-
orbit coupling was included everywhere, but without any fur-
ther geometry relaxation.

Finally, for the sake of additional verification, some extra
calculations have been done with yet another first-principles
calculation method, namely, the all-electron local-orbital
FPLO 6.00-24 code®® in its cluster mode>* using, differently
from VASP and SIESTA, the local spin density approximation
(LSDA) (Ref. 55) after Perdew and Wang. These calculations
are documented later in Sec. IV. The valence basis comprised
3s3p3d4sdp4dsSs states for Ni while 5s5p5d6s6p6dTs states
were used for Pt. The fully relativistic mode was employed
here, where FPLO solves the four-component Dirac-Kohn-
Sham equations including spin-orbit coupling in all orders.>®
Default settings were used for the numerical parameters.

III. RESULTS FOR MONOMETALLIC
ICOSAHEDRAL CLUSTERS M3

A. Structural distortions

The perfect icosahedral (ICO) M 5 clusters develop large
spin moments and a tendency for a symmetry-lowering dis-
tortion, apparently due to a high degeneracy of d levels. We
first consider the spin magnetism before structural distortions
are addressed. Fixed spin moment calculations show that the
Fe ;3 ICO has two almost degenerate energy minima corre-
sponding to a low-spin state with 34 g/ cluster (local mini-
mum, the central spin is reversed with respect to the spins of
the surface atoms), and a high-spin state with 44 ug/cluster
(global minimum, parallel alignment of all atomic spins).!!3
For Co; and Nij;, we find stable spin magnetic states with
31 wp/cluster and 8 wp/cluster, respectively. This result for
Coj; differs from the findings by Ma et al.,’” who find a spin
state with 25 ug/cluster as global minimum for the Co,3
icosahedron. Their calculations however employed some-
what a different functional (B3LYP). We performed a related
check and found the state with 25 up per Co;; cluster at
0.24 eV higher energy than the ground state.

Structural relaxation for the Fe s cluster is carried out in
the high spin state of 44 up/cluster. In order to interpret the
behavior of a perfect Fe;; ICO we also considered the case
of 46 up/cluster, which does not show the mentioned high
degeneracy of the d levels in the minority spin channel at the
Fermi level. This degeneracy, which may also be responsible
for the structural distortion, is hindering the accurate evalu-
ation of the MAE, as it is strongly slowing down the numeri-
cal convergence.

In order to systematically pursue a search toward probable
relaxation patterns from the ideal ICO structure, we “drove”
the structure along two different paths, which are known to
be relevant from previous studies'>3¥-6 and are likely to
lead to different stable or metastable arrangements. These
paths are, on the one hand, a Jahn-Teller-type distortion (JT),
and, on the other hand, a distortion along the Mackay trans-
formation (MT) path. The relaxation pattern for both trans-
formations is shown in Fig. 2; note that the spatial orienta-
tion of clusters is different, in order to underline the
remaining symmetry in each case. According to these differ-
ent orientations, the € path in the subsequent discussion of
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FIG. 2. (Color online) The JT-distorted (left) and the MT (right) Fe 5 cluster. Arrows indicate the direction of relative shift of atoms with
respect to the ideal positions. For the JT-distorted and MT Fe;5 cluster, the displacements marked by the arrows have been scaled up by
factors of 20 and 30, respectively. The box is only guide to the eyes. (The actual simulation box size is 15° A3))

the MAE is not identical for the two distortions. For the MT
one, it follows the previously discussed case of a perfect
icosahedron, E-F-A-E for 6=[0, 7/2]. For the JT distortion,
the #=[0, 7] path is roughly A-E-A-F-E-F-A (see Fig. 2, left
panel), slightly deviating from the intermediate symmetric
points due to relaxation. As an example for such distortions,
we have listed the relaxed coordinates for JT- and MT-
distorted Fe 5 cluster in Table I.

The JT and the Mackay distortions reduce the 7, symme-
try of a perfect icosahedron in two different ways, lifting the
(quasi-) degeneracy of the highest occupied molecular orbit-
als and gaining in energy from their splitting. The JT
distortion®" maintains the fivefold rotational symmetry, per-
mitting a compression or tension of the cluster along the
corresponding axis; it may as well involve a mutual opposite
rotation of the two pentagonal rings pierced by the axis in
question.

The Mackay distortion reduces the [, symmetry to the
cubic T}, one so that the icosahedral-shell sets on the way of
transformation into the fcc cuboctahedron (CUBO), which
can be further modified (e.g., along the Bain path) into a
bee-type structure. On the transformation into CUBO, the
adjacent triangular facets become pairwise coplanar and join
to form squares. This can be numerically characterized by a
parameter s, defined as the square of the ratio of stretched to
unstretched edges, which varies from 1 for ICO to 2 for
CUBO (see Ref. 62 for the original explanation). In our cal-
culations, the Mackay distortion parameter is defined as
s=|ry—r2|*/|rs=r15>, Where the labeling of atoms is shown
in the right panel of Fig. 2.

In Fig. 3, the variation in energy as a function of s (vary-
ing from 1 to 2) is shown for Fe,3 with different total spin
magnetic moments. The energy difference is taken with re-
spect to the JT-distorted cluster, which is energetically more

TABLE 1. Relaxed coordinates (A) for JT-distorted and MT Fe,; clusters. See Fig. 2 for an illustration
and labeling of atoms. Note, that the coordinate axes are not parallel to the cube in the JT case (left panel of

Fig. 2).
Fey; (JT) Fe 3 (MT)
Atom X y X y Z
1 —-0.6304 -2.0962 -1.0306 0.0000 -1.2917 -2.0157
2 0.7221 2.0664 1.0306 0.0000 1.2917 2.0157
3 0.0000 0.0000 -2.3361 0.0000 1.2916 -2.0157
4 0.0000 0.0000 2.3361 0.0000 -1.2916 2.0157
5 —1.7988 -1.2473 1.0306 -1.2917 -2.0157 0.0000
6 0.6304 -2.0962 1.0306 1.2916 -2.0157 0.0000
7 -0.7221 2.0664 —-1.0306 -1.2916 2.0157 0.0000
8 1.7421 1.3253 -1.0306 1.2917 2.0157 0.0000
9 -2.1884 —-0.0482 —-1.0306 -2.0157 0.0000 -1.2917
10 1.7988 —-1.2473 -1.0306 2.0157 0.0000 -1.2916
11 -1.7421 1.3253 1.0306 -2.0157 0.0000 1.2916
12 2.1884 —-0.0482 1.0306 2.0157 0.0000 1.2917
13 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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FIG. 3. (Color online) Fixed spin moment results for Fe 3 show-
ing the variation in energy as a function of s from ICO (s=1) to
CUBO (s=2). The energy difference is given with respect to the
lowest energy JT-distorted Fe,s cluster.

favorable compared to all MT-distorted clusters. During
these calculations, the distance between center and shell at-
oms has been kept fixed to 2.39 A, which corresponds to the
optimum distance of the ground spin state (44 ug). For sev-
eral values of the fixed spin moment, kinks appear in the E(s)
curves. This is related to the fact that the fixed spin moment
does not completely determine the magnetic state of a system
with several inequivalent atomic positions. At the kink posi-
tions, two E(s) curves belonging to different states with the
same spin moment cross each other.

For large Fe clusters (beyond cluster sizes of approxi-
mately 150 atoms), the JT mechanism does not produce dis-
tortions that lead to a significant decrease in energy while the
partially MT clusters are characterized by a well-separated
minimum on the potential energy surface.'>? This owes to
their bce-like environment in subsurface shells, which effec-
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TABLE II. The bond lengths (A) for the minimum energy JT-
distorted (r=0.965 for Fe;;, 1.01 for Co;s, 0.98 for Ni;3) and
Mackay-transformed (s=1.07 for Fe3, 0.96 for Co,3, 1.04 for Ni3)
M5 clusters.

Bonds FCB (JT) C013 (JT) Nil3 (JT)
2X center shell 2.34 2.35 2.28
10X center shell 2.42 2.32 2.33

Bonds Fe;3 (MT) Coy3 (MT)  Nijz (MT)
Centre shell 2.39 2.33 2.32
24X bond length (surface) 2.50 2.46 243
6X bond length (surface) 2.58 241 2.47

tively lowers their energy while the core remains unaffected.
Molecular-dynamics simulations using embedded atom po-
tentials show, however, that the partially Mackay-
transformed clusters are in a metastable® (local energy mini-
mum) state up to cluster sizes with 15 closed atomic shells
(n;) and magic atom numbers (N) defined by

1
N= 5(10n2 + 1507 + 11ng+3).

The most stable configuration found for clusters of such a
size is a bece-like structure.!?

Figure 4 shows the variation in energy as a function of the
JT parameter r (left panel) defined as r=|ry;—r4|/|r;—r,| with
the labeling of atoms shown in the left panel of Fig. 2 and of
the Mackay parameter s (right panel) for M5 clusters. As the
starting structure, we have taken the minimum energy center-
shell distances for the perfect ICO of Fe;3, Coyz, and Ni3,
which are 2.39 A, 2.33 A, and 2.32 A, respectively. The
cluster is now transformed along JT and MT paths and the
structural parameters for the local energy minima are com-
piled in Table II. One must note that in the JT transformation
two of the axial atoms have different center-shell distances

=1) (eV/cluster)
o
o
N

E(s)-E(s

AE
S
o
o

Il 1 Il Il Il
098 1.00 1.03 105 1.08
MT parameter s

FIG. 4. The minimum energy r and s values obtained for M5 clusters. The dotted lines mark the minimum points for both cases.

s=1 and r=1 represent the perfect ICO for each case.
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TABLE III. Spin and orbital moments of the relaxed Fe 3 (MT) cluster as calculated by VASP and SIESTA,
for an initial [001] setting of the spin direction. The x and y components of the spin moment are <0.001 up,
hence not shown here. For the SIESTA calculations, the values of spin moments are given in terms of Mulliken
populations and by direct integration of the spin density over atom-centered spheres with a radius of 1.302 A
(latter values are shown in parentheses; the same radius is used in the VASP calculations). The magnetic

moments are given in units of up/atom.

Fej3 (MT)
VASP SIESTA
Atom No. L, Ly L, S, L, Ly L, S,
1 0.00 -0.02 0.11 3.06 0.00 -0.01 0.09 3.43 (3.14)
2 0.00 0.02 0.12 3.06 0.00 0.01 0.09 343 (3.12)
3 -0.01 0.00 0.08 3.08 -0.01 0.00 0.08 3.43 (3.16)
4 0.01 0.00 0.08 3.08 0.01 0.00 0.08 3.44 (3.12)
5 0.00 0.00 0.07 3.10 0.00 0.00 0.06 3.44 (3.18)
6 0.00 0.00 0.07 3.10 0.00 0.00 0.06 3.44 (3.15)
7 0.00 0.00 0.07 3.10 0.00 0.00 0.06 3.44 (3.16)
8 0.00 0.00 0.07 3.10 0.00 0.00 0.06 3.44 (3.13)
9 0.01 0.00 0.08 3.08 0.01 0.00 0.08 3.44 (3.18)
10 -0.01 0.00 0.08 3.08 -0.01 0.00 0.08 3.44 (3.15)
11 0.00 0.02 0.11 3.05 0.00 0.01 0.09 3.43 (3.18)
12 0.00 -0.02 0.11 3.06 0.00 -0.01 0.09 3.43 (3.16)
13 0.00 0.00 0.05 2.70 0.00 0.00 0.03 2.75 (2.61)

compared to the other atoms. However, for MT, the center-
shell distances are independent of s. The MAE of the local
energy-minima JT and MT clusters are calculated and are
discussed in Sec. III D.

The energy gain due to the relaxation from the perfect
ICO structure for Fe,y (center-shell distance 2.39 A) is 125
meV/cluster along the JT distortion and 61 meV/cluster
along the MT, with 44 up spin magnetic moment for both.
The existence of two different metastable relaxed structures
for this cluster has been earlier reported in Refs. 12, 58, and
59. For Coy3, the JT relaxation is by 7 meV/cluster and the
MT relaxation is by 27 meV lower in energy with respect to
the perfect ICO, whereas for Ni5 the energy differences are
nearly the same (16 meV/cluster) for both JT and MT clus-
ters, respectively. We have only considered the icosahedral
symmetry of Co,; cluster for our studies but a layered hcp
structure is found to be the ground state for this cluster.*

At this place it seems appropriate to take note of recent
results by Ma et al. on small transition-metal clusters, includ-
ing Fe3, Coy3, and Nij;. The related calculations were car-
ried out with a so-called hybrid functional (B3LYP) different
from the GGA approach used in our calculations. Thus, we
do not aim at a direct comparison but rather mention the
main results on M5 clusters. For Fe s, Ma et al.% find a
ground state with D,, symmetry and wu,=44 up about 90
meV below the ideal ICO with the same spin moment. For
Coy3, they find a ground state with D,, symmetry and u,
=23 up about 820 meV below the ideal ICO with
=25 ug.>’ While for Ni,3, the same authors find a ground
state with D3, symmetry and u,=8 up about 660 meV be-
low the ideal ICO with the same spin moment.%

We now turn back to Table I which lists the relaxed co-
ordinates for the JT- and MT-distorted Fe,; clusters. For the
JT-distortion, ten of the peripheral atoms lie at a distance of
2.42 A from the center, the other two atoms show an inward
relaxation toward the center with a final distance of 2.34 A
from the center. The peripheral bond lengths for the MT
clusters (see Table II) can be arranged in two groups: six of
the 30 bonds parallel to the cartesian axes (x: 5-6, 7-8; y:
1-3, 4-2; z: 9-11, 10-12; see Fig. 2 for the labeling of the
atoms), and the remaining 24 bonds. By symmetry, the dis-
tances of the 12 peripheral atoms to the central one are all
identical. The structural relaxation of the Fe,; cluster shown
in the right panel in Fig. 2 corresponding to the partial
Mackay transformation yields s=1.07; Co;; and Ni;3 have
§=0.96 and 1.04, respectively.

B. Spin and orbital magnetic moments

The relaxed MT coordinates obtained with VASP have
been used, without further relaxation, in the calculation by
SIESTA, in order to compare the resulting values of spin and
orbital moments, and the noncollinearity. Table III compares
the calculated results by the two methods for the Fe;; (MT)
cluster.

For both methods, the spin moments remain parallel (the
x and the y components of the spin vectors amount to at most
0.001 up and are not shown in Table III). The orbital mo-
ments partly seem to deviate from the z axis but we note that
these deviations are not significantly above the numerical
noise level. This becomes evident if one compares data for
quadruples of atoms that are mutually equivalent (apart from
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TABLE IV. Cluster averaged values for (L>=%El!_31\L,-| and

(S)=%21-1=31|S,-| of MT M5 clusters are shown in up/atom, com-

pared to bulk values for bce Fe, fcc Co and Ni as obtained from our
calculations.

Cluster (L) s (L puri (ISDburk
Fei3 (MT) 0.08 3.05 0.06 2.25
Coys (MT) 012 205 0.08 1.67
Nij3 (MT) 006  0.66 0.05 0.65

rotations around the z axis) by symmetry: 1-4, 5-8, and
9-12. While the symmetry requirement is (almost) obeyed
by the atoms 5-8, deviations of a few hundredth up are
found between the atoms 1-4 and also between the atoms
9-12.

When comparing the numerical results for spin and orbital
magnetic moments from these two different calculation
methods, one must take into account the difference in their
definitions. In VASP, the properties (spin and orbital mo-
ments) are extracted as projection onto an atomic sphere (see
Sec. II). The “standard” VASP value of the atomic sphere
radius for both considered systems does in fact correspond to
slightly overlapping spheres. The SIESTA output results are
reported in terms of decomposition by projection onto local-
ized, but overlapping, numerical orbitals, known as Mulliken
population analysis. It is known that the local magnetic mo-
ments as well as the atomic charges in heterogeneous sys-
tems do often come out very different, when estimated ac-
cording to these two different schemes. In order to illustrate
this effect, we give in the last column of Table III (in paren-
theses), the values of spin moment, extracted from the SIESTA
results by summing up the spatial spin density over atom-
centered spheres with a radius of 1.302 A. The fluctuations
of these integrated values over apparently equivalent atoms
are caused by the sparseness of the spatial grid with steps of
0.078 A, on which the spin density summation has been
done. While the results of the Mulliken population analysis
by definition add up to the total moments, the added values
of the spatial summations are smaller than the total moments
by about 10%.

We note, as expected, a significant difference between the
spin moments of central and peripheral atoms. This differ-
ence can be used to check the influence of different projec-
tion schemes. Taking a spatial summation of the spin density,
the difference between the two kinds of atoms amounts to
about 0.4 up (VASP) and 0.5 up (SIESTA) for Fejs. If the
Mulliken analysis is taken (SIESTA), different values of about
0.7 wp for Fe,; are found. It is not possible to assign a
general preference to any of the schemes but we would like
to stress that such different evaluation schemes may give rise
to different interpretations. In the Appendix, we show a com-
parison of orbital and spin moments for Co;; and Ni;; clus-
ters calculated with the two methods.

The cluster averaged orbital moments (L) and the cluster
averaged spin moments (S) of Fe;3, Co3, and Ni;5 clusters
are compared with related bulk values in Table IV. The or-
bital and spin moments for the bulk systems are calculated at
the equilibrium lattice constants of 2.83 A (bcc Fe), 3.52 A
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(fcc Co), and 3.523 A (fcc Ni). The spin magnetic moments
of the elemental Fe and Co clusters are larger than the related
bulk values. As discussed in the Introduction, such an en-
hancement is expected for small clusters. The Ni;3 spin mo-
ment is approximately the same as the related bulk value.

The orbital moments of all three elements are found to be
larger by factors of ~1.2—1.5 in the cluster geometry than in
the bulk. For Co and Ni, the orbital magnetic moments are
yet more sensitive to the geometry than spin magnetic mo-
ments. A related tight-binding model calculation® found that
in Ni clusters of up to 13 atoms, the average orbital moment
(L) per atom is four to eight times larger than the bulk value;
for larger cluster sizes, (L) was shown to approach the bulk
value. The enhancement reported for small clusters is much
larger than our related GGA value, since an LSDA + U-like
approach was used in Ref. 66, considering the effect of local
correlations.

C. MAE of perfect icosahedral clusters

Cubic bulk 3d metals show a tiny MAE in the order of
~1 weV. The tiny value in cubic systems is due to the high
symmetry and it is expected that an ideal ICO exhibits a
similarly small MAE. If the symmetry is broken, e.g., by
tetragonal distortion of the cubic system, the MAE increases
considerably (see, for instance, Ref. 67). Such an enhance-
ment of the MAE is also expected for distorted ICO struc-
tures.

Figure 5 (left panel) shows the computed MAE of a per-
fect ICO Fe cluster in comparison with a simple classical
expansion of AE(6) following the Néel model. Convergence
problems due to the dense level sequence close to the Fermi
level hindered a calculation for the ground spin state
(44 ug). Thus, the data presented were obtained for a state
with a spin moment of 46 up and a related center-shell dis-
tance of 2.57 A. As discussed in Sec. II, extrema of the
AE(6) dependence are found for 6 values related to symme-
try axes, see Fig. 1. In the present case, global maxima (hard
axes) are obtained if the magnetization is directed parallel to
a line from the central atom to one of the twelve atoms of the
outer shell. Global minima (easy axes) are obtained if the
magnetization is directed parallel to a line from the central
atom to the middle point of one of the twenty facets. The 30
symmetric mid-bonds are, consequently, saddle points of the
anisotropy energy. The magnitude of the energy variation per
atom amounts to 1.7 ueV, comparable to that in bulk bcc
Fe. In the right panel of Fig. 5, AE is shown in the whole
(6, @) plane.

In addition, the MAE for perfect ICO Co5 and Ni;; clus-
ters are calculated to be 0.31 meV/atom and
0.77 wmeV/atom, respectively, for a center-shell distance of
2.33 A (Coy;) and 2.32 A (Nij;). These calculations start
from states with spin moments of 31 up/cluster for Coys
and 8 up/cluster for Nij;. The qualitative 6 dependence of
AE agrees with that of the perfect ICO Fe,s.

The GGA results were fitted to the anisotropy expansion
of a classical spin model, following the Néel surface aniso-
tropy model®®® for a nearly spherical cluster:
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FIG. 5. (Color online) Left: the #-dependent energy (in meV per cluster) for an ideal Fe 3 icosahedral cluster (state with a spin moment
of 46 up and a center-shell distance of 2.57 A). Filled circles: GGA results (VASP calculations), connected by a solid line as guide to the eye.
Dashed line: fit to the anisotropy term according to Eq. (1), for n=6. For the VAsP calculations, the energy difference is defined as AE
=E(0)-E(0). The letters A, E, and F in the plot refer to the positions defined in Fig. 1. Right: the (6, ¢) scan for the MAE of an ideal Fe 3
cluster: The energies plotted are the sixth-order contributions to the total energy using the value of Dg from Table V.

N
AEnea= 2 E,=— 2 2 D,(e;-e,)".

n n i=1

(1)

Here, D, is the anisotropy constant of order n (n being an
even integer) and e; is the normalized position vector of atom
i, taking the central atom as origin. The i summation runs
only over the peripheral atoms, and the D, are 6 independent
by definition. The second- and fourth-order contributions are
constant from symmetry considerations for an ideal ICO.
Figure 5 shows a comparison of GGA results with a least-
mean square fit to AEyg, taking into account only the n=6
term, see Table V. While all higher terms n=8,... in prin-
ciple contribute to the 6 dependence for a perfect ICO,

the comparison shows that these terms are negligibly small
and a sixth-order fit provides a very good description.

D. MAE of distorted clusters

The MAE AE(6) for relaxed clusters is shown in Fig. 6.
For the JT-distorted M5 clusters (left panel of Fig. 6), a large
second-order contribution of D, is found, since both the
icosahedral and the cubic symmetries are broken by the dis-
tortion. All higher order terms are significantly smaller and
can safely be neglected. In contrast, there is no second-order
contribution present in the MT M5 clusters due to their cu-
bic symmetry. Again, only the lowest order (here, D,) mat-
ters, and higher orders are not important. The related values
are compiled in Table V. The MAE of the JT-distorted Fe,s

TABLE V. Anisotropy constants D,, according to Eq. (1), obtained by fitting the GGA results for ideal and
relaxed M 5 clusters. In the icosahedral symmetry, second- and fourth-order contributions do not depend on
0 for any value of D, 4. Thus, the related data are omitted. The same holds for the second-order terms in cubic
symmetry (MT clusters). In all cases, only the leading order terms are essential and all higher order terms can
be neglected. r and s are parameters describing the JT and the Mackay transformation, respectively (see text).

The last column of the table compiles the GGA energy differences.

D, D, D¢ AEPFT
Cluster (meV) (meV) (meV) r—1 s—1 (meV)
Fe,3 (ICO) 46 ug ~0.04 0 0 0.02
Coy; (ICO) 31wy ~0.01 0 0 0.004
Nij3 (ICO) 8 ug ~0.02 0 0 0.01
Fe,3 (JT) 44 py 15.0 ~0.04 420
Coy; (JT) 31wy ~16.0 0.01 1.90
Nij; (JT) 8 ug 44.1 ~0.02 8.90
Fe,5 (MT) 44 pp -115 0.07 0.71
Coy; (MT) 31 g ~0.4 ~0.04 0.02
Nij3 (MT) 8 up ~10.1 0.04 0.32
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FIG. 6. The plots from top to bottom show the energy differ-
ences AE=E(60)—E(0) in meV/cluster vs 6 of relaxed M3 (for two
types of relaxations—JT and Mackay distortion) clusters. The mag-
netization direction () varies in the x-z plane. For the JT case (left
panel), this plane passes through atoms 3 and 4 and almost touches
atom 12 and the midpoint of the bond 8-10 (see Fig. 2, left panel);
for the MT case (right panel), compare Fig. 1. For the JT-distorted
M 5 clusters, the energy difference for the Co;; and Fe 5 clusters is
multiplied by factors of 5 and 2, respectively, whereas for the MT
clusters, the energy difference for Cojy and Nij3 is multiplied by
factors of 40 and 2, respectively. The slight deviations between the
GGA (circles) and fitted data (full lines) appear for Co;3 (JT) and
Ni;3 (JT) due to the presence of small D, contributions, were
neglected.

cluster is calculated to be about 322 ueV/atom, which is
approximately six times larger in comparison with the MT
Fe s cluster (55 weV/atom). The reason behind this differ-
ence is the lower (higher) symmetry of the JT-distorted (MT)
cluster. For Co; and Ni3, the JT-distorted clusters show
larger values of MAE compared to the corresponding
Mackay-distorted ones as well. In the present calculation, the
MAE value of the JT-distorted Co,; cluster is obtained as
147 peV/atom, which is approximately 100 times larger
than the MAE of the MT-distorted cluster (1.42 weV/atom).
Among all clusters (both JT and MT), we obtain the largest
value of MAE for the JT-distorted Ni;3 cluster
(688 weV/atom). This is approximately 30 times larger than
the MAE of the MT-distorted Ni;5 cluster.

The data for AE(6) for the relaxed MT Fe,; cluster, see
top right panel of Fig. 6 show on a first sight qualitative
resemblance with that of the ideal cluster (see Fig. 5). At a
glance one notes, however, the additional minimum at the
facet centers of the ideal ICO. More important, the MAE of
the MT Fe;; cluster is approximately 30 times larger than
that of the related ideal cluster. This comparison strikingly
underlines the importance of symmetry for the magnetic an-
isotropy: by a seemingly small JT distortion, the anisotropy
of an Fe3 cluster changes by about 2 orders of magnitude.
(Note that this comparison is only a qualitative one since we
considered the ideal ICO in a different spin state for techni-
cal reasons.)

Our calculations yield a larger value of MAE per atom for
JT- and Mackay-distorted Fe;; and Ni;3 compared to the
bulk, where LSDA calculations found 1.4 ueV/atom (bcc
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Fe), 2.7 ueV/atom (fcc Ni).”® For Co,3, we obtain a differ-
ent trend: While the JT-distorted Co;; has a MAE value ap-
proximately 100 times larger than the related bulk value
(1.3 weV/atom for fcc Co), for Mackay-distorted Coys, it is
close to that of the bulk.

The atomic coordinates of the perfect ICO as well as the
atomic coordinates along the transformation path from ICO
to CUBO can be given in analytical form in terms of the
parameter s, assuming the conservation of cluster volume
with a fixed center to shell distance. Thus, the energy depen-
dence on the structural parameter s and on the anisotropy
coefficients can be calculated from a Taylor expansion for a
Mackay-transformed cluster around s=1 to give

AE2=O,
AE,=E4(A) - E4(E) =D4[— %(Vg— D(s-1)

- %(v’g—4)(s— 1)2+0(s - 1)3},

28
AE6=E6(A)—E6(F)=D6|:_;75+0(S_ 1):|7 (2)

where AE,(X) is the energy difference between two extrema,
labeled X=A, E, F and introduced in Fig. 1.

The leading contribution AE, is linear in (s—1). Thus, the
MAE of MT-distorted Fe 5 (s>1) and Co,3 (s<<1) have op-
posite signs in spite of equal signs of the related coefficients
D,, see Table V. The large difference of the absolute magni-
tude of the MAE can only be understood from a detailed
analysis of the electronic structure which is beyond the scope
of the present work.

Similarly, as mentioned before, a distortion parameter r
can be defined for the JT distortion via r=|rs—ry|/|r,—1,|
with r,, denoting the position of atom #n in the left panel of
Fig. 2. A Taylor series expansion for a JT distortion under
volume conservation (the transformation is volume con-
served) around r=1 yields

3
AE,=D,| - 6(r- 1)—5(r— D2+0(r=1)3].

IV. RESULTS FOR CAPPED CLUSTERS M ;Pt,,

Obviously, binary clusters show a yet larger diversity
compared to the elemental systems. For example, the inter-
mixing of Co with Rh results in large magnetic moments of
the binary systems.?® Also, both free FePt clusters and Co
clusters supported by a Pt substrate show enhanced spin and
orbital moments with respect to corresponding bulk values.”!
Hence, it is interesting to study how the magnetic properties
including the MAE of M5 clusters change as they are
capped with Pt atoms. Of particularly great concern is to
investigate the evolution of spin and orbital moments as well
as the MAE in more “asymmetric” clusters as obtained by
adatoms. To this end, we have added a varying number of Pt
atoms on the top of M3 clusters and studied the resulting
properties.
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FIG. 7. (Color online) The lowest energy isomers of Co;3Pt;
(left) and of Co,3Pts (right), found so far. Dark (blue) spheres: Co
atoms; light (yellow) spheres: Pt atoms. All Pt atoms of Co,3Pts lie
in the same plane.

We considered three high-symmetry positions (A, E, and
F in Fig. 1) to cap the M5 clusters by a single Pt atom and
found that a Pt position above the middle point of a facet is
most favorable in all three cases, M =Fe, Co, Ni. In the fol-
lowing, we used this finding as a guideline for initial geom-
etries of M 5Pt, clusters (n=3,5,20). In all cases, the Pt
atoms were initially placed above the facet centers at a dis-
tance found in the single-Pt capping case. After relaxation,
optimized geometries were obtained as exemplarily shown in
Fig. 7 for CosPt; (left) and for Co 5Pts (right) and in Fig. 8
(right side) for Ni;;Pty.

Since atom projected quantities such as spin and orbital
moments depend on the specific code, we compared for the
particular case of Nij;Pt; related data obtained by VASP and
FPLO. The structure optimization was carried out by VASP and
the same geometry was used to evaluate the magnetic mo-
ments by both codes. In FPLO, the magnetic moments are
calculated through Mulliken population analysis. Figure 9
shows the absolute value of orbital moment per atom |L,]
(left) and the absolute value of spin moment per atom |S,|
(right) on each atomic site. It is obvious that both codes give
results which are in good agreement with each other. There-
fore, the calculations which are discussed in the following
are done with VASP only.

In Figs. 10 and 11, the variation in |L;| and the variation in
IS,| on each atomic site of M Pt, clusters are shown, respec-

FIG. 8. (Color online) The initial (left) and final (right) struc-
tures of the Nij3Ptyy cluster. Ni and Pt atoms are represented by
dark (blue) and light (yellow) spheres. The final structure (the low-
est energy found so far) demonstrates the importance of atomic
relaxations.
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FIG. 9. (Color online) A comparison of onsite orbital moments
|L,| (left panel) and spin moments |S,| (right panel) for the Ni;Pt;
cluster obtained by VASP and FPLO. In the left panel, the dashed and
filled diamonds show the orbital moments of Ni;3 cluster obtained
with FPLO and VASP while the dashed and filled circles are the or-
bital moments of three capped Pt atoms, respectively. The right
panel shows the corresponding results of the individual spin mo-
ments. Atomic site 1 is the center atom.

tively (the symbols are kept consistent for both figures and
the center atom is placed at 1). Figure 10 nicely shows that
the orbital moments of such few-atom systems in general
depend very sensitively on the particular chemical composi-
tion and geometry. The resulting electronic structure can be
very individual (e.g., the nature of the highest occupied level
depends on the electron number and on the spin moment)
and is hard or impossible to be predicted without a detailed
calculation. It is found that (see Fig. 10) the |L,| of Fe3
clusters approach the corresponding bulk value of bcc Fe
reported in Table VI with increasing number of Pt atoms.
This trend is absent in the related Co and Ni systems (refer to
Table VI). The orbital moment on Pt atoms is found to be
very sensitive with respect to the core atomic species. For Fe
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FIG. 10. (Color online) The orbital moment |L;| of each atomic
site of Fe3Pt, (left), CosPt, (middle), and Ni5Pt, (right) clusters.
The dashed lines show the calculated bulk values of the orbital
moments of bce Fe, fcc Co, and fee Ni, respectively.
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FIG. 11. (Color online) The spin moment |S,| of each atomic site
of Fe;Pt, (left), Co;3Pt, (middle), and Nij5Pt, (right) clusters. The
dashed lines show the calculated bulk values of the spin moments
of bece Fe, fce Co, and fce Ni, respectively. The same symbols as in
Fig. 10 are used.

and Co cores, it grows with the number n of Pt atoms but for
Ni cores it slightly decreases with growing n.

In Fig. 11, the site-specific spin moments of the capped
clusters are shown. Different trends are found for the core
atoms: While the Fe and the Co spin moments are reduced
by the capping, the Ni moments are somewhat enhanced.
The Pt spin moment does not show a clear trend.

One intriguing point is the difference between the trends
of Pt orbital and spin moments for the M ;Pt;/ M ;Pts clus-
ters, as M varies from Fe to Ni. Here, the Pt orbital moments
increase by a factor of 2 while the Pt spin moments are
merely unchanged. A qualified explanation of this difference
would require a detailed analysis of the related electronic
structure which is beyond the scope of this work. We assume
that the hybridization between Ni and Pt is weaker than be-
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tween Fe and Pt due to the different extension of the atomic
orbitals. Weaker hybridization, in general, yields larger or-
bital moments since the hybridization mixes different m
states. An approximate conservation of spin moments of the
Pt atoms while passing from Fe to Ni may be due to the fact
that in each case the maximum induced spin moment on Pt is
already reached, close to a value of 0.5 wup which is compa-
rable to the spin moment of the isoelectronic Ni. We have
checked this by additional calculations in which we placed
one Pt atom on the top of triangular Fe; (Cos,Nis) clusters,
which shows a similar variation of |L, and |S, as in the
cluster calculations of M;Pt;/M5Pts. In the following, a
few quantitative statements are made for each group of
capped clusters.

A. Fe ;Pt, clusters

The values of average orbital moment and average spin
moment for each atomic species along with the total orbital
moment L, and total spin moment S, for the capped clus-
ters are defined and reported in Table VI. By adding Pt atoms
to the Fes cluster, the L, increases considerably while the
Siot 1s reduced if the Pt overlayer is completed. This is due to
a considerable reduction of the Fe spin moment in compari-
son with the bare Fe 5 cluster. The average orbital moment
(Lyp) on Fe s decreases with increasing number of Pt atoms.

Regarding the MAE of capped M;Pt, clusters, we ob-
serve that the symmetry of the cluster determines the mag-
nitude of the effect similar to the case in the M3 systems.
For example, we have capped four Pt atoms onto Fe;; with
the Mackay orientation, to get the Fe sPt, cluster shown on
the left panel of Fig. 12, and, after optimizing its structure,
we calculated its MAE. Due to the low symmetry, the aniso-
tropy is of second-order. It turned out to be quite large, ex-
ceeding by a factor of 10 (~7 meV/cluster) that of the MT-
distorted Fe;; and by a factor of 2 that of the JT-distorted
Fel3.

TABLE VI. The orbital and spin moments for the binary Pt-M clusters in up/atom, where we have
distinguished core and shell contributions. Cluster averaged values are defined by <LM>=%E}=3]|L,-YM| and

1

(Sw)=15221S;ml (M represents the 13-atom Fe, Co, and Ni clusters), (LP[>=}12?:1|L,«,PK| and (Sp)

3

= ﬁE;’zl S; p (the number of Pt atoms n=3, 4, 5, and 20) |Lyo| and [Syy/ are the corresponding absolute values
of the total orbital and total spin moment for every cluster.

Cluster (Ly) (Lpy (Swm) (Spy) | Lot IStotl
Fe3 0.08 3.05 1.09 39.64
Fe 3Pty 0.09 0.08 2.86 0.36 1.43 38.30
Fe 3Pty 0.10 0.14 2.87 0.32 1.74 38.60
Fe3Pts 0.08 0.13 2.97 0.53 1.76 41.30
Fe 3Pty 0.05 0.17 2.18 0.40 2.74 36.40
Coys 0.12 2.05 1.52 26.60
Coy5Pt5 0.10 0.13 1.87 0.42 1.68 25.60
Coy3Pts 0.09 0.16 1.83 0.47 2.06 26.10
Coy3Pty 0.07 0.30 1.88 0.60 4.90 36.20
Nij3 0.06 0.66 0.80 8.65
Ni3Pt; 0.06 0.20 0.81 0.40 1.61 11.70
Ni Pt 0.05 0.26 0.80 0.51 201 13.00
Ni 3Pty 0.08 0.20 0.81 0.36 3.55 17.60
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FIG. 12. (Color online) Left: the x-z plane (where 6 is varied) of
the Fe,3Pt, cluster, showing the positions of the Pt atoms relative to
the ICO in the initial unrelaxed configuration. Light (orange) and
dark (blue) spheres are the Fe and Pt atoms, respectively. In the
relaxed Fe 3Pty cluster, two opposite edges (those adjacent to the Pt
atoms) of the Fej3 cluster moved toward each other. Right: the
O-dependent energy differences for the relaxed Fe3Pt, cluster.
Here, the solid curve is not a fit to the Néel formula because of the
heterogeneous form of the cluster but simply a cubic spline fit to the
GGA data.

B. Coy3Pt, clusters

A ferromagnetic ground state is found to be stable for all
investigated compositions of CosPt, clusters. L, increases
monotonically with n. (Ly) and (Lp) for CosPt, clusters
show a trend similar to FesPt,, i.e., with increasing number
of Pt atoms, (L, (as defined in Table VI) decreases and
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(Lpy grows. (Syp) on Co;s is merely constant while the Pt-
spin moment increases monotonically with the number of Pt
atoms on the cluster surface. This yields a high spin moment
of the completely Pt-covered Cos.

C. Nij3Pt, clusters

In this case, both L, and S, show a monotonic increase
with the number of Pt atoms. (Ly;) and {Lp, for this cluster
type do not much depend on the number of Pt atoms. How-
ever, a decrease in (Lp;) and (Sp,) from Ni;3Pts to Ni;3Pty is
also observed. This is probably caused by a structural insta-
bility occurring for the latter composition upon relaxation.
The geometry optimization of this cluster converges to a
structure with different symmetry, where the Ni atoms are
placed closer to the surface of the cluster as shown in Fig. 8.
The reason for the segregation of Ni atoms toward the sur-
face may be due to its lower surface energy compared to
Pt.”> Another related aspect may be observed in the right
panels of Figs. 10 and 11 showing the variation in onsite
orbital and spin moments. The large variations in orbital and
spin moments just occur because of the structural distortion
for this cluster composition. Comparing all three cases of
capped clusters, we find that the presence of Pt atoms on M3
affects the orientation of core orbital moments in such a way
that they always prefer to be in noncollinear alignment for
the M 5Pt, clusters, which is not the case in the uncapped
M 5 clusters. On the other hand, directions of individual spin
moments remain always collinear for the same clusters indi-
cating that they are less affected by the Pt atoms.

TABLE VII. Spin and orbital moments of the relaxed Co 3 (MT) and Ni;3 (MT) clusters, calculated with VASP and SIESTA, for an initial
[001] setting of the spin direction. The x and y components of the spin moment are <0.001 wp, hence not shown here. For the SIESTA
calculations, the values of spin moments are given in terms of Mulliken populations and by direct integration of the spin density over
atom-centered spheres with a radius of 1.302 A (Fe,;, Co;3) and 1.286 A (Ni;3). The spin moments calculated over atom centered spheres
are shown in the parentheses. The magnetic moments are given in units of wp/atom.

Coy3 (MT) Nij3 (MT)
VASP SIESTA VASP SIESTA
AtomNo. L L, LS. L L, L S, L, L, L S, L L L S,
1 0.00 002 010 2.06 000 000 008 242 (2.16) 000 -0.02 006 0.66 000 001 007 0.64(0.68)
2 0.00 -0.02 0.0 2.06 000 000 0.08 2.42(2.14) 000 002 006 066 000 -0.01 007 0.64 (0.68)
3 0.02 000 012 205 001 000 0.10 242(2.17) 000 000 007 070 -0.01 000 0.06 0.64 (0.68)
4 -0.02 000 0.12 205 -0.01 000 0.10 242(2.14) 000 000 007 070 001 000 006 0.64(0.67)
5 0.00 000 0.15 205 000 000 0.12 242(2.17) 000 000 006 070 000 000 005 0.64 (0.68)
6 0.00 000 0.15 205 000 000 0.12 242(2.14) 000 000 006 070 000 000 005 0.64(0.67)
7 0.00 000 0.15 205 000 000 0.2 242(2.19) 000 000 006 070 000 000 005 0.64 (0.68)
8 0.00 000 015 205 000 000 0.12 242(2.16) 000 000 006 070 000 000 005 0.64 (0.68)
9 -0.02 000 0.12 205 -001 000 010 242(2.19) 000 000 007 070 001 000 006 0.64 (0.68)
10 002 000 012 205 001 000 0.10 242 (2.16) 000 000 007 070 —-0.01 0.00 0.07 0.64 (0.68)
11 0.00 002 010 2.06 000 000 008 2.42(2.17) 000 -0.02 006 0.66 000 001 007 0.64 (0.68)
12 0.00 -0.02 0.0 2.06 000 000 0.08 2.42(2.19) 000 002 006 066 000 001 007 0.64(0.68)
13 0.00 000 004 1.97 000 000 004 1.96(1.88) 0.00 0.00 002 038 000 000 0.00 030 (0.27)
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V. CONCLUSIONS

The spin and orbital magnetic moments are calculated for
M3 and M 5Pt, clusters using DFT methods that include
spin-orbit interaction. The calculated MAEs of relaxed
M5 clusters are considerably enhanced relative to both
the ideal icosahedral clusters and to the corresponding
cubic bulk values. The MAE:s for relaxed clusters are found
to be affected in a specific way by the degree and type of
relaxation. For JT-distorted clusters, we observed larger
MAEs compared to those in Mackay-distorted clusters
because of the lower symmetry of the former. The present
calculations of #-dependent MAE can be well represented
by a Néel model taking into account only the leading order
of the respective symmetry. With respect to the spin and
orbital moments, both the capped and the free clusters
show an increased value of orbital and spin moments
compared to the bulk. For the capped clusters, the spin mo-
ments on Pt atoms remain unaffected by the host atoms.
Finally, we infer that deposited transition-metal clusters, with
very large effects of relaxations, may exhibit even larger
MAE values. Self-assembly of such clusters, like in case of
Fe-Pt (Ref. 13) and Co," may then approach the class of
functional magnetic materials of use for magnetic storage
devices.
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APPENDIX: COMPARISON OF MAGNETIC MOMENTS
OBTAINED FROM VASP AND SIESTA

The magnetic moments calculated for MT-distorted Co,3
and Ni; clusters using VASP and SIESTA are depicted in Table
VII. Taking a spatial summation of the spin density into ac-
count, the difference between the center and surface atoms
for Co,5 is calculated to be approximately 0.1 g (VASP) and
0.3 g (SIESTA), whereas it amounts to about 0.3 g (VASP)
and 0.4 wup (SIESTA) for Nij;. Considering the Mulliken
analysis (SIESTA), this difference becomes about 0.5 up for
Co;; and about 0.3 up for Nijs.
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