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Abstract. In a recent beam deflecting experiment was found that high
and low spin states of pure Fe, and Co, clusters with n < 300 atoms
coexist at cryogenic temperatures. In this work we have studied the
high spin (HS) and low spin (LS) states of several structural isomers
of Coys, Cosy, Fesy, and Fey using the generalized gradient approxi-
mation (GGA) to density functional theory as implemented in the
first-principles pseudo-potential code SIESTA. The calculated energy
difference between these HS and LS isomers is not consistent with the
observed coexistence, which can be due to an insufficient account of
many body correlation effects in the GGA description, or to unknown
isomer structures of these clusters. We have calculated within the same
tools the magnetic isomers of Co;,Cu cluster aimed to re-visit a former
DFT prediction of an anti-ferromagnetic ground state. We find, how-
ever, a ferromagnetic ground state as expected on physical grounds.
Our results exemplify the difficulties of the current DFT approaches to
describe the magnetic properties of transition metal systems.
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Resumen. Hemos estudiado estados magnéticos de alto y bajo espin
en los agregados Co,;, Cosy, Feyq y Feyy, por medio de la aproxima-
cion de gradientes generalizada a la teoria del funcional de la densi-
dad (DFT). Nuestro proposito era explicar la coexistencia de dichos
estados observada recientemente en experimentos tipo Stern-Gerlach
sobre haces de agregados de Cobalto y de Hierro a temperatura crio-
génica. Los calculos predicen una diferencia en la energia de esos
estados magnéticos demasiado grande para que puedan coexistir a la
temperatura del experimento. Esto indica que el nivel tedrico no es
suficiente para dilucidar estos efectos magnéticos finos, o, mas pro-
bablemente, ninguna de las estructuras optimizadas corresponde a la
del estado fundamental. Por otro lado, usando la misma herramienta
computacional, predecimos un estado base ferromagnético para Co-
12Cu, como cabe esperar por intuicion fisica, mientras calculos DFT
previos predicen un estado antiferromagnético.

Palabras clave: Teoria del funcional de la densidad; agregados de
hierro, cobalto y Co/Cu.

Introduction

Theoretical study of the magnetic isomers of transition metal
(TM) clusters by means of Density Functional Theory (DFT)
[1-3] is a growing issue [4-19]. Spin polarized DFT calculations
yield the global magnetization of the system under study in
terms of the difference between spin-up and spin-down elec-
tron densities, which are self-consistently coupled to the total
electrostatic potential of the system. Self consistency is a basis
requirement in the DFT search of minimum energy equilibrium
structures. Thus, the total electron density is not trivially a sum
of spin-up and spin-down fixed atomic densities. Although it
is possible to define after a self-consistent DFT calculation the
local magnetization of an atom of the system (e.g. via Mulliken
population analysis), it is nothing to do with the fixed Heisen-
berg atomic magnets describing some systems by heuristic non
first principles methods. However, that simplistic view was
used recently to qualitatively explain recent experiments on
spin isomers of Fe and Co clusters [20].

On the other hand, DFT is a variational approach for the
ground state of a fermionic system which, in practice, relies
on approximations for the unknown exchange-correlation (xc)
functional describing all the many body effects. Thus, accu-
rate DFT results arising from different xc-functionals cannot
be compared systematically, in contrast to ab-initio electronic
structure methods based on many body wave functions, which
systematically add perturbation contributions of increasing or-
der. Nevertheless, it has been established a hierarchy (the so
called Jacob leader [4]) for the xc-functional of DFT with

increasing reliability, though of limited application because it
depends not trivially on the type of system under study.

In the following (1) to (5) paragraphs we briefly comment
a few illustrative examples of different DFT implementations
applied to the study of magnetism in TM clusters. One of these
examples, the calculation of the magnetic moment of CuCoy,
cluster, is revised in this paper showing that a previous DFT
calculation do not achieved the ground state magnetic configu-
ration. The other part of this paper is motivated by a recent ex-
periment determining the coexistence of high spin (HS) and low
spin (LS) near degenerate magnetic states of cobalt and iron
clusters [20]. That experiment cannot be interpreted in terms of
Heisenberg atomic magnets, as proposed in the original paper.
Instead, we perform here first-principles DFT calculations us-
ing state of the art approximations to the xc-functional.

(1) Datta and coworkers [4] have studied the relative sta-
bility of the late 3d-TM clusters with 19 atoms showing hcp
and icosahedral symmetry. The plane-wave pseudo-potential
method, as implemented in the Vienna ab initio simulation
package () [5], and the semi-local generalized gradient ap-
proximation (GGA) [6] of Perdew-Burke-Ernzenhof (PBE) [7]
for the exchange-correlation (xc) functional were employed in
these calculations. It was found that Co;q prefers hep structure
while Fe;q, Nijo, and Cuyg prefer icosahedral symmetry. Such
behavior was attributed to the interplay between the magnetic
energy gain due to high sd-hybridization of hcp structures and
the geometry stabilization of the icosahedral isomer.

(2) Khana and coworkers have found recently by means
of DFT calculations (using PBE with the deMonk2k code [8])
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that several structural isomers of Pd;; exhibit different trend for
their corresponding spin isomers [9]. Thus, whereas the ground
state (C,) and first isomer (Cs,) have spin magnetic moment 6
Up, the 134 meV less stable distorted icosahedral (~ I;,) isomer
has magnetic moment 8 pg. Then, the observed magnetic mo-
ment 5.2 pg was interpreted as the thermal average of those
isomers with different magnetic moments.

(3) Pradhan and Jena [10] described recently using code
[5], with projector augmented wave (PAW) [11] basis set and
PWO91 xc-functional [12], how the magnetic coupling between
Co sites in Co, cobalt complexes changes from ferromagnetic
to anti-ferromagnetic order depending on the oxidation state
(3+/4+) of the Co atoms within the several complexes.

(4) It has been also established that different xc-approaches
predict different magnetic moment of Rhodium clusters [13,
14]. For example, by means of the pseudo-potential code SI-
ESTA [15], the magnetic moment of the first isomer of Rhg"
(triangular prism) is predicted to be 9 pg using PBE functional
[7], but it results 5 pp using the recent non-local van der Waals
correlation functional of Dion et al (vdW-DF) [16].

(5) The magnetic behavior of the several isomers of bi-
metallic Co/Cu clusters can be predicted differently depending
on the DFT code. For example, Lu and coworkers [17] have
investigated Co/Cu and Co/Pt bimetallic clusters with 13 atoms
using the all electron Dmol3 code [18] and the GGA/PWI91
xc-approximation of Wang and Perdew (PW91) [12]. They ob-
tained that the putative ground state structures are icosahedrons.
As regards the magnetic properties, these authors predicted a
quite unexpected behavior. Thus, in the case of Co/Cu clusters
they predicted an anti-ferromagnetic arrangement even in the
limit of the Co rich phase Co;,Cu, with total moment of only 1
Ug per atom, and with decreasing binding energy when the total
magnetic moment increases. Since this trend is unexpected for
clusters formed by late transition-metal elements (whose bulks
are ferromagnetic), we have performed [19] a more systematic
study of Co,Cu cluster with two structures (icosahedral and
biplanar), optimized via conjugate gradients algorithm, using
GGA/PBE implemented in two different codes: the pseudo-
potentials SIESTA code [15] and the code [5]. The latter is an
all-electron method which uses the projector-augmented wave
(PAW) method [11], and is supposed to be more realistic, in
principle, than the pseudo-potential code SIESTA. We will
discuss in detail these calculations in the subsection 3.2 below.
A possible reason for the erroneous interpretation of the results
of Lu et al [17] will be also given.

(6) Recent deflecting experiments on cold cluster beams
in an inhomogeneous magnetic field have revealed that Cobalt
and Iron clusters with up to 300 atoms present coexistence of
two spin isomers having magnetic moment per atom ~ 3 ug (=
2 ug) and = 1 pg (= 1 pp) for Iron (Cobalt) respectively [20].
Previous experiments [21] did not resolve these two states but
rather determine that it is the ensemble average magnetic of the
high spin (HS) and low spin (LS) states that rapidly converges
to the bulk value. In the new experiment the HS and LS states
become degenerate for a large size, while the measured ion-
ization potentials indicate that the energy gap between these
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two states closes with increasing size. These features were
interpreted by de Heer and coworkers [20] as if the itinerant
ferromagnetic state in 3d-transition metal clusters came out
from two atomic states with different chemical valences. In this
paper we will see that such interpretation is not supported by
state of the art DFT calculations.

In this paper we present DFT results for the spin isomers
of selected structures of Fe, and Co, clusters (n = 23, 34, 40),
as well as for two structures of the Co;,Cu mixed cluster. In
section 2 are described the computational methods. In section 3
we present and discuss our results. In subsection 3.1 we present
test calculations for the choice of the atomic pseudo-potential
and xc-approach to be used within the SIESTA code. It comes
out that the 4s/3d" configuration for the pseudo-potential and
the GGA/PBE approach for the xc-functional are the choices
in the present work. In the subsection 3.2 are discussed the
results for the Co;,Cu cluster, and in subsections 3.3, 3.4, and
3.5 are presented and discussed the results for Co,;, Cos4, and
Fe;4, respectively. Section 4 contains a summary and a few
conclusions.

Results and discussion
Computational details

The first-principles calculations were performed at the Kohn-
Sham DFT level [1-3]. We have used the SIESTA code [22],
with two different implementations of the exchange correlation
functional: i) the well-known generalized gradient approxima-
tion (GGA), as parameterized by Perdew-Burke-Ernzerhof [7],
and ii) the fully nonlocal van der Waals functional as proposed
by Klimes, Bowler, and Michaelides (vdW-KBM) [23]. This
functional has been implemented by Roman-Pérez and Soler
[24]. In the SIESTA code the core of atoms is described by
norm-conserving scalar spin-dependent pseudo-potentials [25]
in their fully nonlocal form [25]. Scalar relativistic and non-
local core corrections [26] have been included. The PBE and
vdW atomic pseudo-potentials for Fe and Co were generated
using the configurations [Kr] 4s"3d™™", with m = 8 for Fe and
m =9 for Co. Initially, two pseudo-potentials were generated
for each element, one with n=1 and other with n = 2. For 4s,
4p, 3d, and 4f electrons the orbital core radius was the same,
2.0 A, for both Fe and Co with n =1 and n =2, and the core
correction radius was 0.7 A for both Fe and Co.

The SIESTA code uses a flexible linear combination of
numerical atomic orbitals as basis set, allowing unlimited mul-
tiple-zeta and angular momenta, as well as polarization and
off-site orbitals. In order to limit the range of the basis pseudo-
atomic orbitals, they are slightly excited by a common energy
shift and truncated at the resulting radial node. In the present
calculations we used a double-zeta polarized basis (DZP) of
NAO with radii 8.0 A for both s and d electrons. The basis
functions and the electron density were projected into a uniform
real-space grid in order to calculate the Hartree and exchange-
correlation potentials and matrix elements. The grid fineness is
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controlled by the energy cutoff of the plane waves that can be
represented in it without aliasing (250 Ry in this work). The
electronic temperature (smearing) was 25 meV. All structures
were optimized up to the forces on atoms were smaller than
0.006 eV/A.

Among the explored xc-functional flavors, the vdW-DF
one deserves particular attention. In particular the KBM flavor
has proven to be superior to others vdW-DF for the prediction
of electronic properties of metallic systems, like the dipole
moment and polarizability of sodium [28], cesium [29], and
gold/mercury [30] clusters, as well as the bulk of these and
other metals [31]. The vdW-DF functional is based on the work
of Dion and coworkers [16] who demonstrated that the vdW in-
teraction can be expressed by a nonlocal functional depending
only on the electron density. After that work, numerous efforts
have been developed to include vdW forces within DFT [32].
Dion and coworkers proposed to divide the exchange-correla-
tion energy in three parts:

Ey[n(r] = ESAn(r), [Vn(n)]] + ELPAIn(r)] + EMn(r)]
where
E S = [dr n(r) £,95A[n(r), |Va(r)[]

is the exchange energy functional described originally [Dion]
through the semilocal generalized gradient approximation func-
tional of Zhang and Yang [33], and more recently Klimes et al
[21] used an optimization of the Becke functional (B88) [34].
The expression

ELOA = [dr n(r) o.-0Mn(r)]

is the correlation energy described in the local density approxi-
mation (LDA) parameterized by Perdew and Zunger [34], and
E [n(r)] is a nonlocal contribution to the correlation energy
which contains the dispersion interaction, given by

EM [n(r)] = % [ &y dryn(r)) n(ry) &(q1,42.12)

where r, = |r; — 1|, and q;, q, are the values of a universal
function q[n(r),|Vn(r)|],

q(n, |Vn|) = [1 + g 1PA/g LPA + (0.8491/9)( |Vn|/2nks) ks

evaluated at r; and r,. The kernel ¢ has also a precise and
universal form that in fact depends only on two variables, d; =
q1r1> and d, = g,ry, but it can be written also as a function of
q1, 9>, and ry,. As a matter of fact, it is written in terms of D
= (q17q2)r12/2 and & = (g, — q»)r1/2, and then it can be shown
that: (i) E."' is strictly zero for any system with constant density;
and (ii) the interaction between any two molecules has the cor-
rect 7% dependence for large separations.

Due to the high computational cost to self-consistently
evaluate the E;" term, applications of this functional are still
scarce. Nevertheless, Roman-Pérez and Soler [24] have per-

formed a very efficient self-consistent implementation of vdW-
DFT functional in the SIESTA code, which allows [15] to
simulate large systems with small additional cost as compared
to LDA or GGA calculations.

In this work, the initial geometries were selected among
those low lying isomers of Fe,, and Co, giving in the Cambride
Cluster Data Bases [36]. These structures were obtained from
an extensive search for the Global Minimum geometries based
on a Gupta empirical potential, with subsequent re-optimization
of many candidate structures. Our equilibrium geometries were
obtained from unconstrained conjugate-gradients structural re-
laxation using DFT forces. The structures were relaxed until the
force on each atom was smaller than 0.01 eV/A. Benchmark
tests of the 4s°3d% and 4s'3d’ pseudo-potentials for GGA/PBE
and vdW/KBM xc-functional for Fe atom and Fe bcc bulk, as
well as for Fes, and Fey clusters, are presented and discussed
in subsection 3.1.

Test of pseudo potentials

The binding energy, E,(M,), of a cluster M,, with n atoms (M
= Fe, Co, in this paper) is defined as E,(M,) = nE(M) — E(M,),
where E(M) and E(M,) are the total energy of the M atom and
M, cluster, respectively. Thus, Ej is a positive quantity for
stable clusters, that is, the cluster formation is an exothermic
process. The binding energy per atom can be also called the
cluster cohesive energy because its analogy with the definition
of cohesive energy in bulk systems. Both names for the same
concept will be used indistinctly along this paper. Note that the
total energy difference between isomers is the same than the
difference in their binding energies.

The importance of obtaining good atomic reference en-
ergies to calculate the binding energy of 3d-TM systems in
local density approximation (LDA) [2] and GGA/PWII [12]
approaches was studied by Philipsen and Baerends [37]. They
found that the effect of non-spherical charge distributions is
larger for GGA than for LDA, particularly for iron. Instead, al-
lowing fractional occupations of 3d and 4d shells has negligible
effects in both approaches. It was shown that GGA improves
over the LDA binding energy of 3d systems only if the lowest
energy single determinant state for the atoms, without symme-
try restrictions, is used to obtain the atomic reference energy.
The restriction to integer occupation numbers was proved to
have negligible influence on the GGA atomic energies [37].
In spherical symmetry the energy lowering is primarily due to
spin polarization, although in some cases (Ti, V, Co, Ni) there
is also a change of configuration (from d"s’ to d"*'s’). The
multiplet method of Ziegler et al to calculate degenerate atomic
ground states, is applicable to TM-atoms by identifying among
the ground states the one which is a pure state function obeying
the Hund’s rules: the lowest-energy term of a configuration is
the term with maximum L selected from all terms of maximum
spin multiplicity, that is, the determinant with maximum M;
and M.

We have constructed scalar relativistic non-local atomic
pseudo-potentials for Fe and Co from the configurations [Kr]
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4s"3d™ ", with m = 8 for Fe and m = 9 for Co, in both, GGA/
PBE and vdW/KBM approaches. For both values » = 1 and n
= 2 Hund’s rule of maximum total spin polarization, lead to
a magnetic moment 4 pg (3 pp) for Fe (Co), since in DFT s
and d electrons are considered. Instead, if s electrons does not
contributes any magnetic moment, as assumed by de Heer [20,
21] (see section 1 above), these configurations should produce
4 ug (3 pg) for n =2 (n = 1) in atomic Fe, and 3 pg (1 pp) for
n =2 (n=1) in Co. We have constructed also two relativistic
spin dependent pseudo-potentials from the configurations [Kr]
4s?3d1" 3d}9 with » + q = 6 for Fe and r + g = 7 for Co. The
putative Hund’s rule magnetic moment of Fe forr=4,q=2is
2 up, and for =5 g =1 it is 4 pg. The calculated ionization po-
tentials for the Fe relativistic vdW/KBM pseudo-potentials [Kr]
4s'3d’ and [Kr] 4s?3d° are 8.46 eV and 7.69 eV, respectively.
For the corresponding GGA/PBE pseudo-potentials we obtain
8.36 eV and 7.44 eV, respectively. Comparing these values
with the experimental ionization potential (IP), 7.87 eV, we see
that the [Kr] 4s23d° relativistic pseudo-potentials for both KBM
and PBE approaches lead to the best agreement.

In figure 1 we compare the binding energy per atom for three
iron systems (Fes4 (Dsy,), Feyq (Dgp), and bulk (bec)) optimized
within GGA/PBE and vdW/KBM approaches. In both cases
we have tested two scalar relativistic pseudo-potentials for Fe,
namely, those constructed with the configurations [Kr]4s?3d¢
and [Kr]4s’3d’, respectively. We see that the [Kr]4s3d% pseudo
potential leads to larger (smaller) binding energy for clusters
(bulk) than the [Kr]4s’3d” one. The vdW/KBM approach leads
to slightly higher binding energy than GGA/PBE one, except
for bulk bee Fe with the [Kr]4s’3d” pseudo-potential configura-
tion. However, in that case we obtain the better agreement with
the experimental cohesive energy. Since a good description of
the cohesive energy is crucial for the present work, we will use
the [Kr]4s’3d’ pseudo-potential of atomic Fe in the remaining

Cohesive energy of Fe, clusters (n = 34, 40) and Fe bulk BCC

Comparison of GGA/PBE and vdW/KBM xc-functionals for s2d* and 8 d pseudopotentials
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Fig. 1. Binding energy per atom of Fe;4 (Ds;,) and Feyy (Dgy,) clusters,
and cohesive energy of bulk bcc iron, obtained using two different
pseudo-potentials and two different exchange-correlation approaches:
the semi-local GGA/PBE (blue bars) and the non-local vdW-DF/KBM
(red bars).
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of this work. As the binding energy difference between GGA/
PBE and vdW/KBM calculations is very small, we will use in
the following the GGA/PBE, which demands less computa-
tional resources than the vdW/KBM approach.

Spin isomers of Co,Cu

As quoted in the Introduction (Section 1), Lu et al [17] have
predicted in the case of Co/Cu clusters an anti-ferromagnetic
arrangement even in the limit of the Co rich phase Co;,Cu. For
this cluster they obtained a total moment of only 1 pg per atom,
as well as magnetic isomers with decreasing binding energy
when the total magnetic moment increases. We comment now
the results of our calculations using the methods described in
section 1 above.

First of all, we have calculated the spin isomer of Co;,Cu
imposing a total spin of 1 pg per atom. This state, due to the for-
mation of anti-parallel magnetic couplings between Co atoms,
has a considerable lower binding energy than the calculated
state with total moment 2 pg per Co atom and parallel couplings
(the ferromagnetic-like configuration). The difference of total
binding energy between both self-consistent magnetic solu-
tions, obtained with both codes and the same xc-functional used
by Lu et al [17] (the so called PW91 [12]) results to be larger
than 1 eV. This is at odd with Lu et al’s predictions, although
they do not report data for the ferromagnetic solution.

The next step was to perform calculations for other low
spin isomers to try to find a clear picture of the possible anti-
ferromagnetic excitations of this cluster. Once verified that
SIESTA/PBE, /PBE and /PW91 gave essentially the same re-
sults, we selected SIESTA/PBE for these calculations due to
the lower computational requirements as compared with , and
also for the sake of comparison with the rest of results reported
in the present work. In figure 2 we plot the binding energy
as a function of the total magnetic moment of Co;,Cu. The
curve shows that all anti-ferromagnetic states are magnetic
excitations of the ground state with 23 pug and ferromagnetic-
like order. However, it is interesting to note a non-monotonic
behavior as a function of the total spin, with a minimum of
the binding energy obtained for a total spin moment of 11
ug. This means that some anti-ferromagnetic excitations, with
rather compensated moments and correspondingly weak total
magnetization, result more accessible than others with larger
total moment. This unexpected trend was found by Lu et al.[17]
for the four spin isomers with lowest total moment. We stress,
however, that the ground state is ferromagnetic, and that the
lowest energy spin isomers are those with a large total mo-
ment and a small degree of anti-ferromagnetic order (only few
atoms with their moments coupled anti-parallel). Some com-
ments are also pertinent in regard to the lowest energy structural
configuration proposed by Lu et al [17]. SIESTA calculations
predict a bi-planar structure as the lowest energy one for Coi,
among those tested, including the icosahedrons. This bi-planar
structure has been also predicted for Coy; in a recent work by
Dong and Gong [38] using and results from the one found in
the present work for the 12 atoms clusters plus an additional
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Fig. 2. Binding energy per atom (eV) of spin isomers of Co;,Cu ha-
ving odd magnetic moments in the range 1-23 pg. Those clusters with
magnetic moment smaller than 11 pg show antiferromagnetic order
and those clusters with higher magnetic moments show ferromagnetic
order. In the paper of Lu et al [17] only the values for p < 11 were
given, which induced these authors to erroneously assume an antife-
rromagnetic ground state. According to our calculations the bi-planar
structure is more stable than the icosahedral one. We found, however,
analogous magnetic trend for both structures which are shown in the
lower panel of this figure.
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atom in. The difference in binding energy with respect to the
icosahedral structure is about 1 eV. We guess that this biplanar
structure resulted probably a high-energy isomer in the genetic
algorithm used by Lu et al. based on the Gupta potential, as it
is well known that Gupta tends to favor spherical structures,
in particular icosahedral ones. Nevertheless, our calculations
give the same ground state ferromagnetic configuration for this
structure and for the icosahedral one.

C023

In the low panel of figure 3 are shown the geometries of ten
atomic arrangements of Co,; cluster which have been opti-
mized using GGA/PBE approach for the high spin (HS = 2
pg) and low spin (LS = 1 pg) magnetic configurations. The
corresponding binding energies per atom are represented in the
upper panel of figure 3. All the HS isomers have ferromagnetic
order, but the LS isomers show partial anti-ferromagnetic order.
The more stable HS isomer shows star-like (Ds,) geometry,
with binding energy per atom about 21~23 meV higher than
those HS isomers with planar and poli-icosahedral arrange-

Rindine amarr oF salasiad srronmermante AF o clinstarg
Las st

A AR R St LR AP ol o . A L AL e B o ALFEL b2 A
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Binding energy per atom {eV

Fig. 3. Upper part: Binding energy per atom of ten Co,; geometries
represented in the down part of the figure. Two values for each isomer
are given, corresponding to ferromagnetic (2 pg per atom) and anti-
ferromagnetic (1 pg per atom) configurations, respectively. Down part:
ten low lying energy isomers of Co,; clusters optimized with SIESTA
code using GGA/PBE approach.

ments. Except the bi-planar bbp isomer, all the HS configura-
tions in figure 3 have binding energy per atom in a window
~ 70 meV. The binding energy per atom of the LS state of a
given geometry is always smaller than the HS one, which is
ferromagnetic. However, the stability of LS isomers follows
a different sequence of geometries than the HS solutions. The
smaller binding energy difference between HS and LS isomers
occurs for the bee and fcc-like configurations, ~ 145 meV.
However, the HS state of these isomers is ~ 45 meV. Thus, if
HS and LS states coexist in the beam experiments of de Heer
et al. [20], they should surpass ~ 190 meV per atom which al-
lows coexistence of several geometries with HS ferromagnetic
state. Then, our calculations cannot explain the experimental
fact, due, probably, to inaccuracy of the theoretical approach,
or lack of the ground state isomer.

Cosy

In figure 4 are represented the binding energies of four Cos,
arrangements for two magnetic configurations, namely ferro-
magnetic (2 pp per atom) and anti-ferromagnetic (2 pg per
atom). Similar considerations to that noted above for Co,; iso-
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Fig. 4. Binding energy per atom of four Coy4 isomers represented in
the insets. Two values for each isomer are given, corresponding to
magnetic configurations with 2 pg and 1 pp magnetic moment per
atom, respectively. The first state (HS) presents a ferromagnetic order,
and the second state (LS) shows some atoms which are anti-ferromag-
netic coupled to their neighbors.

mers can be done, but now the barrier between magnetic states
is even larger.

We have calculated the ionization potential of hcp Cosy
for HS and LS magnetic states, with the results 6.08 eV for
HS state and 5.60 eV for LS state. These values are a little bit
higher than those reported by de Heer et al [20], ~5.58 eV (HS)
and ~5.40 eV (LS).

Fey,

In figure 5 is represented the binding energy per atom of the
HS (3 pg) and LS (1 pg) magnetic isomers of four configura-
tions of Fes4 cluster optimized within the GGA/LDA approach.
The more stable geometry of the HS isomers is the start-like
(Dsp), and the other geometries are less stable by about 50-60
meV per atom. The binding energy of the start-like LS isomer
is about 150 meV smaller that the HS one and that difference
is larger for the other geometries. Thus, we can be sure than
none of these arrangements fulfill the requirement of magnetic
isomers observed in the de Heer et al experiment.

Conclusions

We have used the first principles code SIESTA to self-consis-
tently solve the spin-polarized Kohn-Sham equations of DFT
theory for the spin isomers of pure Fesy, Feyy, Cosz, Coszy and
mixed C0;,Cu transition metal clusters. For the choice of atom-
ic-pseudopotential we have tested two flavors of the xc-func-
tional, the semi-local GGA/PBE and the more recent vdW-DF/
KBM which contains a fully non-local correlation functional
taken into account long rang van der Waals interactions. For
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Fig. 5. Binding energy per atom of four Fes, isomers represented in
the insets. Two values for each isomer are given, corresponding to
magnetic configurations with 3 pg and 1 pup magnetic moment per
atom, respectively. The first state (HS) presents a ferromagnetic order,
and in the second (LS) some atoms are anti-ferromagnetic coupled to
their neighbors.

Fe clusters, two atomic norm-conserving relativistic pseudo-
potentials were also tested, with valence configurations 4s'3d’
and 4s%3d°. According to these tests, we chose the GGA/PBE
xc-approach, because is computationally less expensive than
the vdW-DF one, and the 4s'3d’ (4s'3d®) pseudo-potential for
Fe (Co) because it leads to better agreement with experimental
bulk cohesive energy.

Firstly, we obtain that the ground state of CuCo;, mixed
cluster is ferromagnetic with magnetic moment 23 pg and bi-
planar geometry. The icosahedral isomer is also ferromagnetic
with magnetic moment 23 pp in contrast to the anti-ferromag-
netic state predicted in a previous study [17].

Second, we have calculated the binding energy of selected
geometries of Co,;, Cosy, and Fesy clusters with the HS and
LS states detected in the de Heer experiments [20]. The cal-
culated binding energy difference between these spin states is
too large, and then their coexistence in the beam at cryogenic
temperatures should not occur. We conclude that either the
GGA/PBE is not enough accurate or the tested geometries are
far from the true ground state isomer. Then, for this problem
it is needed one or more of the following conditions: i) a more
accurate code (for example an all-electron DFT code without
pseudo-potentials), ii) a xc-functional beyond the GGA/PBE
approximation, and iii) a search of the global minimum struc-
ture of these clusters from first principles.

The coexistence of HS and LS states of Cobalt and Iron
clusters which was found in recent experiments by de Heer
et al [20] cannot explained by a simplistic model of atomic
magnets. Specifically, these authors proposed that the Co, and
Fe, observed ground state magnetic moments are due to atomic
electronic orbital configurations 3d1°3d|34s’ for Co and 3d1
33d|?4s' for Fe, leading to spin states (considering that only
the d electrons contributes) S = 7 (=2 pg ) for Co, and S =
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3/2 (un =3 pp ) for Fe, clusters. Instead, the observed excited
states are also Heisenberg magnets with atomic configurations
3d133d|*4s" (S = Y4, w = 1 pg) for Co* and 3d1#3d|34s’ (S =
%, w =1 ug) for Fe*. Contrary to that simplistic proposal of
de Heer [20] based on atomic valence configurations of Fe
and Co whose 4s electrons have no spin, DFT calculations
shows that a/l the occupied orbitals contribute to the total spin
through the self-consistent xc-potential of the spin polarized
formulation of DFT. Thus, the accurate account of the de Heer
experiments [20] is a challenge for future DFT developments,
both theoretical and methodological. Practical methods for the
search of the global minimum structure of transition metal
clusters are also needed.
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