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Abstract

We have studied the stable geometries of Ni, clusters using the first principles method with ultrasoft pseudopotentials. It is found that the ground
state structures of Ni, (n = 10 ~ 27, 41 ~ 56) are icosahedron-like, while Nij3 and Niss5 are perfect icosahedra, in agreement with experimental
results. For Ni,, (n = 28 ~ 40), no simple growth mode can be found even though some of them display certain symmetry. The size dependence
of magnetic moments calculated with these ground state structures nicely reproduces experimental trend. In general, we found two peaks around
n =15~ 20 and n = 35 ~ 40, and three dips at n = 13, 34, 55. The deviation between the calculated results and experimental data, assigned as
the orbital magnetic moment, decreases monotonically as the cluster size increases.

© 2006 Published by Elsevier B.V.
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Properties of nanoclusters are important for various funda-
mental and application researches. Due to the size effect and
large ratio of surface to volume, nanoclusters usually adopt
very complex structures and display unique features. One of
the interesting topics in cluster science is the evolution of their
geometries and physical properties toward the corresponding
bulk asymptotes [1]. For example, peculiar oscillatory size de-
pendence of magnetic moments has been reported for Fe, Co
and Ni clusters and the bulk values are reached only when the
number of atoms in cluster is larger than 500 ~ 700 [2]. Vari-
ous theoretical calculations have been performed to explain the
experimental observations. Earlier calculations adopted bulk-
like structures [3], and results were not reliable since magnetic
moments typically depend on atomic structures. Wan et al. ob-
tained atomic structures from empirical potential simulations
[10] for Ni clusters with up to ~ 55 atoms. Using the tight-
binding (TB) model, they found sizeable orbital magnetic mo-
ments and explained the usually large magnetic moments ob-
served experimentally. Nonetheless, the agreement of the size
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dependence is less satisfactory, most likely due to the quality of
structural optimization. Recently, it is feasible to search more
reliably the ground state structures of small metal clusters by
using the first principles methods. This enables us to study bet-
ter their magnetic properties.

In this work, we first optimized the ground state geome-
tries of Niy clusters (N = 13 ~ 56) through first principles
calculations, starting from the structures produced by empiri-
cal potential simulations. Intriguingly, the experimental results
of size dependence of magnetic moment are well reproduced
in the whole range, indicating the importance of proper struc-
tural optimization for the determination of physical properties
of nanoclusters.

Our calculations were based on the density functional the-
ory, implemented in the VASP code [5], with the spin polarized
Generalized Gradient Approximation (GGA) for the exchange
correlation potentials [4]. The effect of core electrons was in-
voked through ultrasoft pseudopotentials. The wave functions
were expanded in plane waves with an energy cutoff of 19.8 Ry.
The calculated lattice constant and the magnetic moment for
the fcc bulk Ni are 3.52 A, and 0.61 wp, respectively. These
results are in close agreement with the corresponding experi-
mental values, 3.52 Aand 0.6 up, indicating the validity of our
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Fig. 1. (a) The ratios of the three principal inertias. (b) The binding energies
per atom of Ni clusters. (c) The difference between binding energies of two
structures, optimized with either the Sutton—Chen model potential or embedded
potential.

computational treatments. For Ni clusters, we used a simple cu-
bic supercell with a lattice size of 27 A. Subsequently, we used
only the I" point to sample the Brillouin zone. The total energy
was converged to 10~# eV for the structural relaxation.

It is still very difficult to study the ground state structure of
a cluster with a few tens of atoms by using the first principles
molecular dynamics simulations. One of the authors optimized
structures of Ni clusters using the generalized simulated anneal-
ing with Sutton—Chen version of Finnis—Sinclair (FS) model
potential [6], one of the best for transition metals. The details
of calculations and structural properties were published previ-
ously [7]. In this Letter, starting from the ground state structures
and their first isomers obtained from the Sutton—Chen poten-
tial as well as those optimized through the embedded atom
method [8], we further refine the atomic structures of Ni clusters
through the first principles total energy minimization proce-
dures.

Fig. 1 shows the binding energy differences resulted from
two initial structures. The largest binding energy difference is
only about 0.03 eV near N ~ 30, and it decreases as the size of
clusters increases. None of the two model potentials has obvi-
ous advantage over the other. One can also conclude that none
of the two model potentials can correctly predict all the ground
state structures of Ni clusters, especially for the medium size
clusters. Fig. 1 also shows the ratio of three rotational inertias
of the ground state structures. Comparing to the correspond-
ing results of their initial structures (Fig. 2 in Ref. [10]), the
ground state structures obtained by the first principles method
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Fig. 2. The pair-correlation function of selected Ni clusters. The sudden changes
near n = 28 and n = 41 indicate switches in growth mode.

are closer to spherical, especially for clusters around N ~ 30
and N ~ 40.

We find that first principles structural relaxations do not
change the general features obtained through model poten-
tial simulations. For clusters with 10 ~ 27 atoms, Ni clusters
adopt the icosahedron-like structures. Specially, Nij3 is a per-
fect icosahedron. Nijp, Nij; and Nijg are formed by taking
atoms away from Nij3, whereas Nijq4 ~ Nijg are constructed
by successively adding atoms to Nij3 until a double icosahe-
dron is completed in Nijg9. Subsequently, one can get structures
of Nipp ~ Niy; by capping atoms on the Nijg cluster. All these
structures are in good agreement with Parks’ results [9].

Since Niss adopts the icosahedral-like structure, clusters
near N ~ 55 are formed by adding or removing atoms to/from
the icosahedron. For clusters with N = 28 ~ 40, the structures
become very complex, since they are in the transition region
from Nij3 icosahedron to Niss icosahedron. It is also the rea-
son why the structures predicted from two model potentials are
quite different in this regime. Although one still can identify
the symmetry for some clusters, it is very difficult to assign a
simple growth mode. The change of structural features can be
seen in the pair-correlation functions as shown in Fig. 2, where
amorphous-like profile is shown near N ~ 32.

With the well-optimized ground state structures, we calcu-
lated the magnetic moments for all Ni, clusters using the spin
polarized density functional theory and the results are displayed
in Fig. 3 along with the experimental data [11]. The accordance
is clear in the entire range, including the positions of three dips
atn = 13, ~ 34, 55 as well as three apexes around n = 15 ~ 20
and n = ~40. The minima occurring at n = 13, and n = 55 can
be attributed to the compact icosahedron structures. In these
two clusters, the interatomic distances are short, and the aver-
age nearest neighbor numbers are high. The minimum around
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Fig. 3. The magnetic moments vs the size of clusters obtained from the present
calculations (solid circles) and experiments (open triangles). The differences
are given in circles.

n ~ 34 can also be attributed to short interatomic distances in
the disordered structure.

Note that we did not include the effect of spin—orbit cou-
pling, and hence our magnetic moments are smaller than the
experimental values. If we assign the difference between the
present theoretical and experiment data as the orbital magnetic
moment, the size is quite large, e.g., 0.4 ~ 0.5 up for Nijg to
Niyg. This is not surprising since recent experiments found that
the orbital moments can be as large as 10% to 30% of spin mo-
ment [12].

In summary, by combining model potential and first princi-
ples approaches, we have optimized the ground state structures

of Nij, clusters (n = 10 to 60). Neither Sutton—Chen potentials
nor those optimized through the embedded atom method pro-
duce correctly atomic structures alone; ab initio optimization
is essential for most clusters. The agreement between theory
and experiment in the size dependence of magnetic moments is
much improved with the new ground state geometries.
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