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Abstract. The orbital magnetic moments 〈L〉 and the magnetic anisotropy energy (MAE) of RhN (N ≤ 55)
and Co19PdM (M = 24 and 60) are determined by using a self-consistent real-space tight-binding method.
For RhN , 〈L〉 amounts typically 20–50% of the total magnetic moment Mz = 2〈Sz〉 + 〈Lz〉. Strong
oscillations as a function of N are observed with a rapid convergence to zero as the spin magnetization
vanishes for N � 40–50. In Co19PdM clusters, the magnetization per Co atom is remarkably larger than
in pure Co19. This is mainly due to the local spin moments 〈Siz〉 induced at the Pd atoms, which amount
to about 20% of the spin moment per Co atom [2〈Siz〉Pd = (0.1–0.3)µB ]. Large orbital moments are found
at the Co atoms, particularly at the Co/Pd interface. The anisotropy of 〈L〉 and the associated MAE’s are
analyzed from a local perspective.

PACS. 36.40.Cg Electronic and magnetic properties of clusters – 75.10.Lp Band and itinerant models

1 Introduction

Two of the main characteristics of a magnetic material are
the ground-state magnetic moments, which define the sat-
uration magnetization, and the magnetic anisotropy en-
ergy which determines the low-temperature orientation of
the magnetization M and its stability. On the one side,
the sources of magnetism are the currents associated to the
electronic motion, or orbital moments, and the electron’s
intrinsic spin. On the other side, the dependence of the
electronic structure and magnetic properties on the orien-
tation of M is dominated by the spin-orbit interactions.
In particular, the MAE – defined as the energy difference
involved in turning M from the low-energy direction, or
easy axis, to a high-energy direction, or hard axis – is a
magnitude of crucial importance in view of technological
applications like magnetic recording or memory devices.
The control and understanding of these properties at a
microscopic level are central to the development of mag-
netic nanostructures.

Investigations of orbital magnetism in low-dimensional
systems – in the way from the atom to the solid – show
that the orbital moments are very sensitive to the local
environment of the atoms [1–8]. For example, calculations
on transition metals (TM) surfaces, have revealed an im-
portant enhancement of the local orbital moments 〈L(i)〉,
which is in general larger at open surfaces than at the
more compact ones [7]. In the case of free clusters, very
little is known about orbital magnetism, particularly from
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the point of view of theory, which has been so far con-
cerned mainly with the dominant spin contributions. Re-
cent self-consistent calculations show that the reduction
of system size causes a remarkable enhancement of 〈L〉
with respect to the bulk [8]. For example, in NiN with
N ≤ 13 one obtains values about eight times larger than
〈L〉(bulk) = 0.05µB. On the other side, comparison with
the atomic result L(atom) = 2µB shows that the largest
part of the quenching of L takes place already at the small-
est sizes, as soon as full rotational symmetry is lost.

These results anticipate interesting size and structural
dependence of the orbital moments in other systems par-
ticularly in the case of 4d transition metal elements, which
are non-magnetic in bulk and show weak, non-saturated
magnetism [9–12]. The 4d elements are characterized by
significant spin-orbit couplings (larger than the 3d ones)
which give rise to a new class of magnetic materials with
particularly enhanced magneto-crystalline anisotropies. In
addition, bimetallic clusters formed with 3d and 4d ele-
ments like Co–Pd systems are particularly appealing due
to the strong magnetic susceptibility of Pd and the re-
markably rich magneto-anisotropic behavior of the Co/Pd
interfaces [13,14]. It is the purpose of this communication
to investigate the MAE and orbital magnetic moments of
RhN and CoNPdM clusters as a function of N and M by
considering representative cluster structures.

2 Model

The calculations are based on the self-consistent
tight-binding method developed in references [7,15].
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The electronic Hamiltonian is given by the sum of three
terms

H = H0 + HC + HSO. (1)

H0 refers to the inter-atomic hopping term that describes
the single-particle spectrum. The Coulomb interaction HC

is treated in the unrestricted Hartree-Fock approximation:

HC =
∑
imσ

∆εimσ n̂imσ , (2)

where n̂imσ = ĉ†imσ ĉimσ is the electron-number operator
and

∆εimσ =
∑
m′

(Umm′ − Jmm′

2
) νim′ − σ

2

∑
m′

Jmm′ µim′ (3)

are the orbital- and spin-dependent shifts of the d levels
at atom i. Notice that the direct and exchange Coulomb
integrals Umm′ and Jmm′ depend on m due to the angular
dependence of the atomic-like orbitals. In this way atomic
symmetry is strictly respected and all atomic Hund’s rules
are naturally derived (see, for example, Ref. [16]). The
third term in equation (1) refers to the spin-orbit interac-
tion [15,17]

HSO = −
∑

i,ασ,βσ′
ξi (Li · Si)ασ,βσ′ ĉ†iασ ĉiβσ′ , (4)

where (Li ·Si)ασ,βσ′ are the intra-atomic matrix elements
of L · S that couple the up and down spin-manifolds and
which depend on the orientation of the magnetization with
respect to the cluster structure.

The local densities of electronic states (DOS) ρδ
imσ(ε)

are determined self-consistently for each orientation δ of
the spin magnetization S. In this paper we consider δ = z,
usually along a principal Cn symmetry axis of the clus-
ter, and δ = x along a nearest neighbor (NN) bond per-
pendicular to z. The associated single-particle problem
is solved by using the Haydock-Heine-Kelly’s recursion
method [18].

Once selfconsistency is achieved, the average local or-
bital moments 〈Liδ〉 at atom i are calculated from

〈Liδ〉 =
∑

σ

2∑
m=−2

∫ εF

−∞
m ρδ

imσ(ε) dε , (5)

where m indicates the magnetic quantum number. The
quantization axis of the orbital momentum is thereby
taken to be the same as the spin quantization axis.

The electronic energy per atom

Eδ =
1
N

∑
i

Eδ(i) (6)

can be written as the sum of local contributions

Eδ(i) =
∑
mσ

[ ∫ εF

−∞
ε ρδ

imσ(ε) dε − Edc
imσ

]
(7)

corresponding to each atom i of the cluster. Here, Edc
imσ =

(1/2)∆εiσ〈n̂imσ〉 stands for the double-counting correc-
tion. The MAE is defined as ∆Exz = Ex −Ez, i.e., as the
change in the electronic energy Eδ associated to a change
in the orientation of the magnetization. Taking advantage
of the local formulation one may express

∆Exz =
∑

i

∆Exz(i) (8)

as a sum of atom-resolved contributions

∆Exy(i) = Ex(i) − Ez(i) , (9)

where Eδ(i) is given by equation (7). In this way the
magneto-anisotropic properties can be related to the var-
ious local atomic environments.

3 Results and discussion

The parameters used for the calculations are determined
as follows. The two center d-electron hopping integrals
are given by the canonical expression in terms of the
corresponding bulk d-band widths [Wb(Co) = 5.5 eV,
Wb(Pd) = 5.9 eV, and Wb(Rh) = 7.4 eV]. The intra-
atomic direct and exchange Coulomb integrals Umm′ and
Jmm′ are given in terms of the atomic two-electron in-
tegrals F (0), F (2), and F (4) [16]. The ratios F (0)/F (2)

and F (4)/F (2) are taken from atomic Hartree-Fock cal-
culations [19]. For Co the average exchange integral Jav =
(49F (2) +441F (4))/14 is chosen to yield the proper T = 0
magnetic moment in the bulk. In the case of Rh and
Pd, we use JRh

av = 0.48 eV and JPd
av = 0.52 eV, which

have been obtained from density functional calculations
(Stoner theory) taking into account correlation effects be-
yond the local spin density approximation [20]. The SO-
coupling constants ξ(Co) = 0.088 eV, ξ(Pd) = 0.190 eV,
and ξ(Rh) = 0.180 eV are taken from reference [17]. Con-
cerning the cluster geometries, we consider representative
fcc clusters formed by a central atom and its successive
shells of NN’s. In the case of CoNPdM this corresponds
to a Co core covered by several Pd shells. Examples of
these structures are illustrated in reference [11].

For RhN clusters, the calculated spin magnetic mo-
ments agree within 5–10% with previous calculations in
which SO-interactions were neglected [11]. The small dif-
ferences found are probably due to the SO-induced addi-
tional broadening of the local densities of states that of-
ten lead to slightly smaller spin moments. For the largest
sizes (N > 19) an antiferromagnetic-like state is obtained
in most of the particles. This is consistent with the exper-
imentally observed decrease to a zero net magnetization
as N increases.

In Figure 1 results are given for the size dependence of
the average orbital magnetic moment per atom

〈Lδ〉 =
1
N

∑
i

Lδ(i) (10)
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Fig. 1. Average orbital moment in fcc RhN clusters as a func-
tion of the cluster size N as obtained assuming bulk NN dis-
tances. The calculated points are indicated by the dots and the
lines are a guide to the eye. Additional oscillations for inter-
mediate N cannot be excluded.

of RhN clusters having fcc-like structures and bulk NN dis-
tances. These correspond to the δ = z magnetization di-
rection along a C4 axis of the fcc structure. In the present
case only small differences are obtained for other magne-
tization directions due to the high symmetry of assumed
cluster geometry. The calculations show significant orbital
moments 〈Lδ〉 = (0.1–0.24)µB for N ≤ 19 which are simi-
lar to what is found in NiN [8,21]. Quantitatively, the con-
tribution of 〈Lδ〉 to the total magnetic moment amounts
to about 20−50% [23]. In addition 〈Lδ〉 displays strong os-
cillations as a function of cluster size N which are mainly
a consequence of the rapid decrease of the spin magne-
tization with increasing N and of the presence of weak
(unsaturated) itinerant magnetism [22]. Indeed, these two
effects yield strong changes in the energy-level distribu-
tion around the Fermi energy and thus a remarkable size
dependence of 〈L〉 is obtained.

As examples of bi-metallic clusters we consider
Co19PdM with M ≤ 60 assuming for simplicity Co bulk
NN’s bond lengths. The total magnetic moments per Co
atom Mδ are remarkably large for all the considered sizes
(e.g., Mz = 2.22µB and 2.1µB for M = 24 and 60, re-
spectively). The magnetization Mδ of CoNPdM can be
regarded as the result of three major effects. The first and
leading contribution is given by the spin moments of the
Co atoms i = 1–N . For Co atoms in the inner shells one
obtains saturated spin moments 2〈Sz〉 � 1.6µB � 10−nd,
while the Co atoms at the Co–Pd interface present some-
what smaller unsaturated spin moments 2〈Sz〉 � 1.5µB.
The second important contribution to Mδ are the local
spin moments induced at the Pd atoms of the Co–Pd in-
terface (e.g., for M = 24, 2〈S〉Pd = 0.30–0.35µB). As the
thickness of the PdM shell increases the local coordination
number of the Pd atoms increases and a partial reduction
of 〈S〉Pd is observed (e.g., for M = 60, 2〈S〉Pd � 0.13µB).
Finally, the third main part of the calculated magneti-
zation is given by the orbital magnetic moments 〈Lδ〉,
which are always parallel to the spin moments, as cor-
responds to elements having a d-shell that is more than
half filled. The calculated average orbital moments per Co
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Fig. 2. Local orbital magnetic moments along the spin mag-
netization direction in fcc-like Co19PdM clusters with M = 24
and 60. The results refer to the average at each NN shell j
surrounding the central atom j = 1. δ = x and z indicate dif-
ferent spin magnetization directions as described in the text.
The shells j ≤ 3 (j ≥ 4) correspond to Co (Pd) atoms.

atom are 〈L〉 = 0.23µB for Co19Pd24 and 〈L〉 = 0.31µB for
Co19Pd60. Note that these values are enhanced by more
than 100% with respect to the Co-bulk orbital moment.

The environment dependence of the local orbital mo-
ments 〈Lδ〉(j) provides further insight on the magnetic
behavior of bimetallic clusters. Figure 2 displays 〈Lδ〉(j)
in the considered Co–Pd clusters, where j = 1 refers to
the central atom and j > 1 to the successive NN shells
of the fcc structure. The sites j ≤ 3 (j ≥ 4) correspond
to Co (Pd) atoms. One observes that 〈Lδ〉(j) generally
increases with j, showing some oscillations as we move
from the center to the surface of the cluster. Notice the
particularly large value of 〈Lx〉(3) of the the Co atoms at
the interface: 〈Lx〉(j = 3) � 0.39µB for Co19Pd60 (main
figure) and 〈Lx〉(j = 3) � 0.22µB for Co19Pd24 (inset).
Thus, a thicker Pd shell results in a larger 〈Lδ〉 at the in-
terface. This trend is opposite to the one observed in the
spin moments and demonstrates the importance of the
Co–Pd interface to orbital magnetism.

The anisotropy of 〈Lδ〉(j) reflects the anisotropy of SO
interactions from a local point of view. Our results show
significant ∆L = 〈Lx〉(j)−〈Lz〉(j) with the largest values
being found at the interface Co atoms. This is consistent
with the large MAE’s per Co atom ∆Exy = Ex−Ez shown
in Table 1. Indeed, the local contribution of the outermost
Co shell to the MAE stabilizes the x-direction of the mag-
netization (∆Exy < 0 for j = 3 in Tab. 1). This holds for
all considered values of M ≥ 24. Therefore, the Co–Pd
interface plays a main role in determining the stable mag-
netization direction of the system. A similar behavior has
been observed in Co–Pd films [13,14]. Qualitatively, the
environment dependence of ∆Exy can be regarded as the
result of two main effects: the changes in the electronic
structure of the Co cluster due to Co–Pd hybridizations,
and the contribution of the interface Pd atoms which carry
small magnetic moments.

In conclusion, the magnetic anisotropy energy and
orbital magnetic moments of RhN and CoNPdM
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Table 1. Local magnetic anisotropy energy ∆Exy(j) =
Ex(j) − Ez(j) (in meV’s) in fcc-like Co19PdM clusters with
Co-bulk NN bond-lengths. The results correspond to the av-
erage at each NN shell j surrounding the central atom j = 1.
∆Exy stands for the total magnetic anisotropy energy per Co
atom [see Eqs. (7–9)].

M j = 1 j = 2 j = 3 j = 4 j = 5 j = 6 ∆Exy

0 −1.6 0.5 0.3 0.36
24 3.0 −1.9 −7.1 1.9 −0.81
36 0.6 −1.9 −6.1 5.3 −6.1 −0.32
60 1.0 −1.7 −4.1 3.7 −3.9 −0.3 −0.38

clusters have been investigated in the framework of a
self-consistent tight-binding model Hamiltonian including
spin-orbit interactions. The hybridizations between a mag-
netic transition metal like Co and a highly polarizable
element like Pd have been shown to be crucial for the
magneto-anisotropic behavior of heterogeneous clusters.
In future, it would be also of interest to consider other ge-
ometrical configurations of bi-metallic clusters, such as a
Pd core capped with Co shells, and to contrast the result-
ing behaviors. Comparison with experiment could then
be used to infer information on the morphology of alloy
clusters from their magnetic properties. Research in this
direction is currently in progress.
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