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Structure and magnetism of lanthanum clusters
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The optimized structure, electronic and magnetic properties of La clusters consisting of up to 14 atoms have
been investigated using ab initio theoretical methods based on density-functional theory. Structural and spin
isomers have been determined. We show that increase in cluster symmetry can promote ferromagnetic insta-
bility in La clusters. A giant enhancement of magnetism in Lay, Lag, and La,; clusters is predicted. We also
found that the ground states of La,, La;, Las, La;, Lag—La;;, and La;4 clusters possess nonzero magnetic
moments, that ranged from ~0.1ug to 1.0up per atom. Strong dependence of the magnetic moment on
temperature for 7>300 K is predicted. The results obtained are compared with the available experimental data

and the results of other theoretical works.
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I. INTRODUCTION

During the last two decades numerous theoretical and ex-
perimental efforts have been devoted to studying structural,
electronic, optical and magnetic properties of atomic clusters
(see, e.g., Refs. [1-5]). The properties of atomic clusters are
very different from those of the bulk materials and change
drastically with increasing cluster size. This fact gives a
unique opportunity to form new materials by properly as-
sembling selected clusters.

One of the most exciting developments in the physics of
clusters relates to their magnetic behavior. Clusters exhibit
novel magnetic properties essentially different from those of
the corresponding bulk solids (see, e.g., Refs. [6,7] and ref-
erences therein). The study of evolution of magnetic proper-
ties from atoms to the bulk is important for the development
of magnetic nanomaterials and understanding the fundamen-
tal principles of spin coupling in finite and low dimensional
systems.

The most explored type of magnetic clusters are the clus-
ters of the ferromagnetic transition-metal elements, such as
Fe, Co, Ni (see, e.g., Refs. [6-11] and references therein).
Theoretically, a strong enhancement of magnetism in clusters
of elements that are ferromagnetic as bulk solids was pre-
dicted [6,8,10]. The first experimental measurements of the
magnetic moments of small free Fe, Co, and Ni clusters
showed, however, that magnetization per atom was far less
than the moment per atom in corresponding bulk material
[12,13]. This contradiction was explained by relaxations of
the magnetization of superparamagnetic clusters in the mag-
netic field [10,13]. Over the past years this model has been
extensively used to interpret the experimental data [14].

Significant attention was paid to the Mn clusters, because
Mn atom possess large magnetic moment due to the half-
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filled 3d electron shell. The magnetic moment of Mn atom is
5up (Bohr magneton), and, therefore, Mn clusters are good
candidates for strong nanomagnets. The properties of Mn
clusters are peculiar. The manganese dimer, Mn,, is weakly
bound, and while theoretical calculations predict ferromag-
netic behavior [15,16], there is still question as to whether
the coupling is actually ferromagnetic or it is antiferromag-
netic, as it follows from the experimental data [16—18]. The
small manganese clusters (Mn;—Mng) are ferromagnetic
[19-21] and possess large magnetic moments per atom
[(4—5) ug/atom], in spite of the fact that the most stable crys-
tal structure of Mn exhibits antiferromagnetic behavior
[22,23]. However, recent calculations combined with experi-
mental study revealed that Mn; cluster posesses ferrimag-
netic type of spin coupling [24]. The measured magnetic
moment of Mn; is (0.72+0.42) ug/atom [24]. Larger manga-
nese clusters (Mn;;—Mng) exhibit magnetic behavior that
differs from either the smaller clusters or the bulk. Experi-
mental results indicate relatively small magnetic moment per
atom [(0.3—1.4)ug/atom] with local minima at Mn;; and
Mn,y and maxima at Mn;5 and Mn,;—Mn,s [14]. Theoretical
calculations of the structure and magnetic properties of Mn
clusters containing 13, 15, 19, and 23 atoms show that Mn
clusters possess complex spin configurations in which blocks
of ferromagnetically coupled spins are antiferromagnetically
coupled to each other [25].

Compared to the amount of work done for transition-
metal clusters, little effort has been devoted to systematic
investigation of magnetism in rare-earth-metal clusters, in
spite of the fact that rare-earth metals possess remarkable
magnetic properties. The heavy rare-earth elements, such as,
Gd, Tb, Dy, Ho are ferromagnets in the bulk state. The mag-
netic moments of the rare-earth metals are dominated by the
spin contribution from the highly localized 4f electrons, and
therefore these metals are good examples of local-moment
ferromagnets. The 4f electron shell can accommodate 14
electrons, and according to the empirical Hund’s rule a half-
filled shell has seven electrons with parallel spins. Thus, the
4f electrons contribute 7w to the total magnetic moment of
Gd (~7.6up/atom), and similarly make a large contribution
to the total moments for the other magnetic rare-earth metals.
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The valence electrons contribute a small fraction of the over-
all magnetic moment per atom—in the case of bulk Gd, the
5d6s valence electrons contribute 0.6 of the total moment.

It has been demonstrated experimentally that the Gd,
molecule is the diatomic molecule with the highest spin,
which has in its ground state a magnetic moment 8.8 ug/atom
(compare with 6.5uy for the free Gd atom, and 7.6ug/atom
in the bulk metal) [26]. The recent Stern-Gerlach deflection
experiments in Gd [27] and Dy [28,29] clusters showed en-
hancement of magnetism in small rare-earth-metal clusters.
These investigations revealed that rare-earth clusters mani-
fest interdependence between size, geometry and magnetism
[30].

There are very limited number of theoretical works on
rare-earth-metal clusters. In Ref. [30] the magnetic behavior
of small rare-earth clusters with different geometries has
been investigated within the quantum Heisenberg model. It
has been shown that magnetic properties of heavy rare-earth
clusters are highly dependent on the symmetry and geometry
of the cluster. The ab inifio density-functional theory (DFT)
and Heisenberg model calculations have been performed for
Gd,; cluster [31,32]. Calculations demonstrated that the
ground state of the Gd;; cluster has C3, symmetry and the
local magnetic moments adopt a canted configuration
[31,32]. This fact explains the reduction of the magnetic mo-
ment in small clusters.

It is important to note that even in a local-moment system
such as rare-earth metals the behavior of the valence elec-
trons is crucial because these electrons mediate the exchange
interaction between neighboring magnetic moments local-
ized on the parent atoms [22,33]. Lanthanum is the first ele-
ment in the group of the rare-eath metals and its electronic
configuration is [Xe]4f°5d'6s%. Thus, La can be treated as a
prototype of all rare-earth elements, sharing their properties
that are not dependent upon 4f electrons. As the magnetic
structures of the rare-earth metals are dependent on the oc-
cupancy of the 4f electron shell, they are absent from bulk
La. Therefore, the emergence of magnetism in small La clus-
ters remains an open question. Systematic theoretical inves-
tigations of magnetic properties of La clusters are lacking. In
Ref. [34] energetics and structural stability of La clusters
with number of atoms N=3-13 have been investigated by
performing molecular dynamics simulations with an empiri-
cal pair potential. The potential energy function was fitted to
the dimer potential energy profile of La,, which was calcu-
lated by the DFT method [34]. The Mdbius inversion pair
potential in combination with genetic algorithm has been
used in Ref. [35] in order to predict the lowest energy struc-
tures of the Laz—La,, clusters.

The first principles DFT calculations have been performed
to study the electronic structure and spectroscopic constants
of the La, dimer [36], as well as the structural and electronic
properties of the icosahedral La;s, Laj;, and Laj; clusters
[37]. The stable structures and electronic properties of small
La,—La;4 clusters have been explored in Ref. [38].

Recently the magnetic properties of Sc, Y, and La clusters
containing 5-20 atoms have been investigated in a Stern-
Gerlach molecular-beam deflection experiment [39]. The re-
sults of experiment confirm that all Sc clusters and most Y
and La clusters in the size range N=5-20 are elemental
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molecular magnets with particular strong enhancement of
magnetism  in  Sci3[(6.0£0.2)wpl,  Ys[(5.5£0.1)ug],
Y 5[(8.8+£0.1) up], and Lag[(4.8+0.2) up] clusters [39].

In this paper we report the results of a systematic theoret-
ical investigation of optimized ionic structure, electronic and
magnetic properties of La clusters within the size range N
=< 14. We focus our study on emergence of magnetic proper-
ties in La clusters and found a giant enhancement of magne-
tism in Lay, Lag, and La;; clusters. We also found that the
ground states of La,, Las, Las, La;, Lag—La,;, and La4 clus-
ters possess nonzero magnetic moment, that ranged
~(0.1-1.0)up per atom, clearly indicating that small La
clusters display magnetic behavior, even though bulk La has
no magnetic ordering. We show that magnetism in La clus-
ters is governed by unpaired valence electrons, in contrast to
the local-moment magnetism in clusters of heavy rare-earth-
metal elements. As already mentioned, the valence electrons
are those that responsible for the local-moment spin coupling
in rare-earth metals. Therefore, an understanding of the ori-
gin of magnetism in La clusters is important in order to gain
a better insight of the magnetism of the rare-earth metal clus-
ters. In addition to the ground state isomers of La clusters we
found an ensemble of energetically low-lying spin isomers.
We predict an increase of the average magnetic moments for
ensembles of La,, Las, Las, Lag, Lag, La;;, La;,, and Lay
clusters with temperature due to the thermal population of
the spin isomers. For ensembles of La,, La;, and La;; clus-
ters the average magnetic moment decreases with tempera-
ture. Such an anomalous behavior of the magnetic moment
with temperature can be detected in Stern-Gerlach deflection
experiments.

II. THEORETICAL METHODS

Our calculations are based on ab initio theoretical meth-
ods invoking the density-functional theory. The standard
LANL2DZ basis set of primitive Gaussians have been used
to expand the cluster orbitals formed by the 5s5*5p%5d'6s>
outer electrons of La (11 electrons per atom). The remaining
46 core electrons 15225%2p%35?3p93d'%45?4p%4d'° of the La
atom are represented by the Wadt-Hay effective core poten-
tial (see, e.g., Refs. [40,41] and references therein). The com-
putations are performed within the DFT method based on the
gradient-corrected exchange-correlation functional of Per-
dew, Burke, and Ernzerhof (PBEPBE) [42,43]. Such an ap-
proach has proved to be a reliable tool for the ab initio level
studying of the structure and properties of clusters of the
alkali, the alkaline earth, and the transition metals. To check
applicability of this method to lanthanum we performed a
careful comparison of the results obtained with those of ear-
lier ab initio and experimental studies.

The cluster geometries have been determined by finding
local minima on the multidimensional potential energy sur-
face. We have applied an efficient scheme of global optimi-
zation, called the cluster fusion algorithm [44,45]. The
scheme has been designed within the context of determina-
tion of the most stable cluster geometries and it is applicable
for various types of clusters [46]. Calculations have been
carried out with the use of the GAUSSIAN 03 software package
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[47]. With increasing cluster size, such calculations become
computer time demanding. In this work, we limit the calcu-
lations by the cluster size N=14. The key point of the calcu-
lations is fixing the starting geometry of the cluster, which
could converge during the calculation to a local or to the
global energy minimum structure. In our calculations, we
have created the starting geometries empirically, often as-
suming certain cluster symmetries. Note that during the op-
timization process, the geometry of the cluster as well as its
initial symmetry sometimes change dramatically. All the
characteristics of the clusters, which we have calculated and
present in the following sections, are obtained for the clus-
ters with optimized geometries. We have used similar ap-
proach to find the optimized geometries of the Na, Mg and
Sr clusters [48-51].

III. NUMERICAL RESULTS AND DISCUSSION
A. Geometry structure of Lay clusters

We start our study with the lanthanum dimer, La,. The
investigation of the rare-earth-metal dimers is still a chal-
lenge for both experimentalists and theoreticians [56]. Al-
though, several experimental [52-54] and theoretical
[36,55-57] works on La, have been done, their results are
not consistent with each other.

Our calculations show that the ground state of the La,
dimer to be a triplet (w=1ug), with dissociation energy D,
=2.44 eV, the bond length d=3.00 A and the harmonic vi-
brational frequency w,=163 cm™'. The calculated dissocia-
tion energy is in excellent agreement with the experimental
results of Refs. [52,53], where the value of 2.52+0.22 eV
was reported. The calculated value of the bond length, d,
slightly overestimates the bond distance of 2.80 A deter-
mined experimentally [52]. The calculated vibrational fre-
quency, ®,, underestimates significantly the measured
ground state vibrational constant of 230 cm™' [52]. We have
also found several energetically close-lying spin isomers of
La,. The first spin isomer is found to be a pentet (u=2up),
with the bond length of 3.10 A; its dissociation energy of
2.42 eV only 0.02 eV lower than the ground state. The sec-
ond isomer state is a singlet, with d=2.94 A and D,
=2.40eV.

The existence of a large number of energetically close-
lying states makes the ground state determination to be a
very difficult task. This fact can explain a large dispersion in
theoretical results obtained by different methods. Thus, the
first theoretical calculations of spectroscopic constants for
La, were performed within configuration interaction method
with inclusion single and double excitations and size-
consistency error corrections (CISD+SCC)[57]. The calcu-
lations performed in Ref. [57] predicted a pentet ground state
for La, and spectroscopic constants d=3.25A, w,
=130 cm™!, D,=1.17 eV in a strong disagreement with the
current experimental data. In Ref. [34] spectroscopic con-
stants of d=3.28 A, w,=228 cm™!, D,=3.47 eV were ob-
tained for La, within an all-electron relativistic density-
functional (RDFT) method. The bond distance and
dissociation energy calculated within RDFT method for La,
considerably overestimate those measured in the experiment.
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The recent theoretical calculations for La, were per-
formed with the use of the coupled cluster method with
single, double and perturbative triple excitations [CCSD(T)]
[56] and the complete active space self-consistent-field
method (CASSCF) [55]. This calculation predicted the sin-
glet to be a ground state of La, dimer. The theoretical values
of d=2.64 A »,=218 cm™!, D,=2.37 eV, and d=2.70 A,
0,=186 cm™!, D,=2.31 eV were obtained within CCSD(T)
and CASSCF methods, respectively. The calculated values of
dissociation energy and bond distance are in good agreement
with experimental data, however, the vibrational frequency is
underestimated. In Ref. [36] various DFT methods have been
used for calculation of the spectroscopic constants for La,.
The calculated values of dissociation energy vary consider-
ably among different DFT methods from 1.09 eV (BP86-
LANL2DZ) to 3.66 eV (BHLYP-LANL2DZ) (see Table I in
Ref. [36] for details). Overall results reported in Ref. [36] are
in a poor agreement with experiment. In Ref. [38] dissocia-
tion energy of 3.08 eV and bond length of 2.77 A were ob-
tained for La, within the BLYP-DNP method.

In Table I we summarize results of our calculations of the
spectroscopic constants for La, performed within the
PBEPBE-LANL2DZ method, as well as the results reported
in previous theoretical [34,36,38,55-57] and experimental
[52,53] works. As it seen from Table I the PBEPBE-
LANL2DZ estimation for La, dissociation energy is in ex-
cellent agreement with experimental data. The La, bond
length calculated with the use of the PBEPBE-LANL2DZ
method only slightly overestimates the experimental value of
2.80 A [52]. This comparison allows us to conclude that the
PBEPBE-LANL2DZ method is a reliable tool for the ab ini-
tio level studying the structure and properties of La clusters.

The results of the cluster geometry optimization for La
clusters consisting of up to 14 atoms are shown in Fig. 1. La
clusters possess various geometry and spin isomer forms
whose numbers grow dramatically with increasing cluster
size. In Fig. 1, we present only the lowest energy configura-
tions optimized by the PBEPBE-LANL2DZ method. The in-
teratomic distances are given in angstroms for La,—La; clus-
ters. The label above each cluster image indicates the point
symmetry group of the cluster.

Figure 1 shows that small La clusters form compact struc-
tures, maximizing the coordination number. The lowest en-
ergy state for Las is a isosceles triangle, and for La, is a
regular tetrahedron. La clusters are tri-dimensional already at
N>3. As we discuss below, the La, cluster is relatively more
stable and compact, as compared to the neighboring clusters.
The Las cluster has a structure of slightly elongated triangu-
lar bipyramid, while Lag has a structure of slightly flattened
octahedron, La; is a pentagonal bipyramid. These geometri-
cal structures are in a good agreement with the results of Ref.
[38], except the case of La,. We have found that regular
tetrahedron structure 7); for La, has a lower energy than that
of distorted tetrahedron structure C, reported in Ref. [38].
This discrepancy can be explained by the fact that 7, struc-
ture found in this work, and C; structure found in Ref. [38]
are different spin isomers. We have found that the spin-nonet
(u=8up) ground state becomes energetically more favorable
for La, in comparison to the spin-triplet state considered in
Ref. [38].
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TABLE 1. Magnetic moment, x (units of uz), bond lengths, d (A), vibrational frequencies, w, (cm™"), and dissociation energies, D, (eV),

of the La, molecule.

Method w1 (units of up) d (A) w, (cm™) D, (eV)
PBEPBE-LANL2DZ, this work 1 3.00 163 2.44
PBEPBE-LANL2DZ, this work 2 3.10 140 2.42
PBEPBE-LANL2DZ, this work 0 2.94 141 2.40

BP86-LANL2DZ [36] 0 2.93 139 1.09
B3LYP-LANL2DZ [36] 0 2.91 150 1.70
B3PWOI-LANL2DZ [36] 0 2.89 131 1.83
PBEIPBE-LANL2DZ [36] 0 2.87 136 1.87
BHLYP-LANL2DZ [36] 0 2.87 161 3.66
RDFT [34] 3.28 228 3.47
CISD+SCC [57] 2 3.25 130 1.17
CASSCF [55] 0 2.70 186 2.31
CCSD(T) [56] 0 2.64 218 2.37
BLYP-DNP [38] 0 277 3.08
Experiment [52] 2.80 230 2.5+0.2
Experiment [53] 2.52+0.22

In the size region N=8 the structures of clusters opti-
mized with the use of the PBEPBE-LANL2DZ method are
different from those derived on the basis of the BLYP-DNP
approximation [38]. Thus, the lowest energy state for Lag is a
capped pentagonal bipyramid, C,. The Lag cluster has a low
symmetry structure C; that is formed by fusion of deformed

La —D

*=e a.é&%&

La-Dg,

Lag—C,

triangular bipyramid with strongly distorted rhombus, La,,
has a Cjy,, structure, and La;; is a distorted D,, structure. The
La;, cluster is formed by fusion of a pentagonal bipyramid
with a tetragonal pyramid, Las is a regular icosahedron, and
La, has a C; structure, which is close to slightly deformed
C,,. The structural stability of La;; has been already studied

La —D La6—D ah

Lag-C, La, -Gy,
<&
& Pre
J )?jza
La -1, La ~C(dist.C,)

FIG. 1. (Color online) Optimized geometries of lanthanum clusters La,—La;, calculated in the PBEPBE-LANL2DZ approximation.
Interatomic distances are given in angstroms. Label above each cluster image indicates the point symmetry group of the cluster.
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FIG. 2. Average bonding distance as a function of cluster size
for La,—Lay4 clusters. Horizontal dashed line indicates the bulk
limit for the dhep lattice of La [58].

in Ref. [37]. It was found that the La,5 cluster has its ground
state of D,;, symmetry, while 7, and D5, structures appear to
be energetically close-lying isomers [37]. Our calculations
show that the I, structure (with the total spin S=13/2) is
energetically more favorable in comparison with D,;, and D5,
structures. This disagreement is connected with difference in
total spins of the ground states considered in Ref. [37] and in
our work.

Figure 1 demonstrates a strong competition between
icosahedral and octahedral growth motifs in the evolution of
geometry structure of small La clusters with their size. The
isocahedral packing is a typical growth motif for clusters of
elements having van der Waals type of bonding, such as, for
example, clusters of rare gases (see, e.g., Refs. [1,44]). A
similar growth mode is also typical for clusters of alkaline
earth metals, because the electronic shells in the divalent
atoms are filled (the electronic configuration of the valence
electrons is ns®) and bonding between atoms is expected to
have some features of the van der Waals type (see, e.g., Refs.
[49-51] and references therein). The appearance of the octa-
hedral elements in cluster structures is typical for the d tran-
sition metal clusters. The d orbitals have a square symmetry,
and they can be responsible for formation of elements of a
cubic lattice. Since lanthanum atom contains s and d valence
electrons one can expect a competition between compact
structures maximizing the number of bonds and directional
bonding compatible with the orientation and filling of the d
orbitals [1].

Figure 2 shows how the average bonding distance, R,,,
evolves with increasing size of La clusters. The dependence
of the average bonding distance on cluster size has non-
monotonic oscillatory behavior atop its fast systematic
growth towards the bulk limit. In Fig. 2 the bulk limit for the
double hexagonal closest-packing (dhcp) lattice of lantha-
num is indicated by horizontal line. It is clearly seen in Fig.
2 that for N=11 the average bonding distance for La clusters
closely approaches the bulk limit. The appearance of the
maxima in the size dependence of the average bonding dis-
tance shows that Lag, Lag, and La;; clusters are less compact
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1 La | —e— PBEPBE/LANL2DZ |
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FIG. 3. (Color online) Binding energy per atom for the most
stable La clusters as a function of cluster size. Open circle presents
the binding energy per atom for La, dimer obtained from the ex-
perimental data by Verhaegen [52].

than their neighbors. Exactly these structures possess ele-
ments of the cubic (or thombic in the case of Lag) lattice as
it is seen from Fig. 1. Therefore the oscillatory behavior of
the average bonding distance can be interpreted by the com-
petition between icosahedral and octahedral growth modes.

It is worth mentioning that the evolution of the average
bonding distance with cluster size differs for La clusters
from that for clusters of alkali and alkaline earth metals.
Thus, for neutral alkali metal clusters, one can see odd-even
oscillations of R, atop its systematic growth and approach-
ing the bulk limit [48]. These features have the quantum
origin and arise due to the spin coupling of the delocalized
valence electrons. For alkaline earth metal clusters, the aver-
age bonding distance depends on their size nonmonotoni-
cally. Such an irregular behavior is induced by both the clo-
sure of electronic shells of the delocalized electrons and the
structural rearrangements [49].

B. Binding energy per atom for Lay clusters

The binding energy per atom for La clusters is defined as
follows:

Eb/N=E1_EN/N, (1)

where Ey is the energy of a neutral N-particle atomic cluster,
and E; is the energy of a single La atom.

Figure 3 shows the dependence of the binding energy per
atom for the most stable lanthanum clusters as a function of
cluster size.

For small La clusters the binding energy per atom in-
creases steadily with the cluster size. The local maxima of
E,/N at N=T7 and 13 correspond to the most stable configu-
rations of the magic La clusters. The analysis of the second
differences of the binding energy, A’Ey=Ey,—2Ey+Ey_;,
confirms this conclusion and makes a hint about relative sta-
bility of the La,, Las, and Lag clusters, in addition to the
magic clusters La;, and La;; (see Fig. 4). The principal
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FIG. 4. Second differences of total energy for lanthanum
clusters.

magic numbers 7 and 13 can be explained by atomic shells
closings effects. Indeed, the enhanced stability of La; and
Lay; clusters arises when their ionic structure is highly sym-
metric and corresponds to the icosahedral type of packing.
This icosahedral growth sequence for metal clusters has also
been seen for clusters of alkaline earth metals such as Sr [50]
and Ba [59], which exhibit nonmetal to metal transitions
with increasing size. It is important to note that for alkaline
earth metal clusters there is a strong competition between
atomic and electronic shells closure [49,50]. However, for La
clusters there is no direct influence of the electronic shell
effects on cluster stability.

It is a typical feature of atomic clusters that they possess
various isomer forms whose numbers grow dramatically with
increasing cluster size. The important feature of La clusters
consists in the fact that, in addition to structural isomers,
they possess a great variety of energetically low-lying spin
isomers. Figure 5 demonstrates the binding energies per
atom calculated for a variety of low-lying geometry and spin
isomers of La clusters. The typical difference in binding en-
ergy between the ground state and the first low-lying isomers
is about 0.02-0.05 eV, as it is seen from Fig. 5. This result
suggests that an ensemble of energetically low-lying isomers
will be thermally available already at relatively low tempera-
tures.

3.2 L
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304 N
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EJN (eV)
(1]
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8 10 12 14
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N
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FIG. 5. Binding energy per atom for a variety of geometry and
spin isomers of La clusters as a function of cluster size.
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2.0 La —e— PBEPBE/LANL2DZ
N —O— Experiment (Knickelbein (2005))

FIG. 6. (Color online) Magnetic moments per atom of La clus-
ters as a function of cluster size. Filled circles represent the mag-
netic moments per atom calculated within the PBEPBE-LANL2DZ
method. For La,;, the ground state structure /, and the first low-
lying isomer Cj are presented. Open circles present the results of
experiment by Knickelbein [39].

C. Magnetism of Lay clusters

The multitude of spin multiplicities, 25+ 1, for La clusters
results in considerable variations of the magnetic moment
per atom u=2Sug/N. Figure 6 shows the dependence of the
magnetic moment per atom for La clusters as a function of
cluster size. Filled circles represent magnetic moments per
atom calculated for the lowest energy isomers of La clusters.
The calculations have been performed within the PBEPBE-
LANL2DZ method. Open circles in Fig. 6 present the results
of experiment by Knickelbein [39]. The magnetic moments
reported in Ref. [39] were obtained for clusters generated at
58+2 K.

Figure 6 shows that the dependence of the magnetic mo-
ment per atom, u, on cluster size has complex and nonmono-
tonic behavior. For La, and Laj clusters =1, that corre-
sponds to ferromagnetic coupling of d electrons. Transition
to three-dimensional (3D) structure for N=4 is accompanied
by a giant enhancement of magnetism in La, (u=2ug). The
existence of an energetically favorable high-spin T, structure
for La, originates from the sd hybridization developing upon
bonding. The results of our calculations demonstrate that an
anomalous enhancement of magnetism also occurs in the
highly symmetric Lag (Dg4,) and La;; (f;,) clusters. It is
known that anomalous magnetism in low-dimensional tran-
sition metals can be attributed to the enhancement of densi-
ties of d states at the Fermi level resulting from spatial con-
finement [60]. For La clusters the effects of spatial
confinement on magnetic properties can be explained by the
Stoner model of itinerant ferromagnetism (see, e.g., Ref. [6]
and references therein).

According to this model the total energy of the gas of
itinerant electrons, E,,, can be presented as a sum of Cou-
lomb interaction energy, Ec.,, and kinetic energy, Ey;,,

Eio = Ecou + Exin- (2)

For a given number of electrons per atom Ny=n;+n, and
spin polarization, n;—n |, the Coulomb interaction energy per
atom is given by
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1 1
ECoul = EU(T’I.T + l’ll)2 - 5.](”% + l’li)

1

=E<U_§>(”T+”l)2_i(”T_nl)z' (3)
Here U and J represent the average Coulomb repulsion be-
tween electrons having antiparallel spins and the exchange
integral, respectively. The effective Coulomb repulsion be-
tween electrons with the same spin is reduced by the ex-
change integral. As it is seen from Eq. (3) the exchange
interaction favors the ferromagnetic type of coupling. That
corresponds to the first Hund’s rule stating that the ground-
state configuration of open-shell system has the largest pos-
sible total spin S (see, e.g., Ref. [6]). On the other hand, the
kinetic energy, E;,, associated to itinerant electrons in a
cluster, favors equal filling of spin-up and spin-down states.
In order to estimate Ey;, for the given n; and n| one can
introduce the spin polarization of the electron gas, by filling
the lowest-energy k states having &, <ep—A for spin down,
and g, <ep+A for spin up. Here g is the Fermi level. As-
suming that the density of states N(g) per spin depends
weakly on & for [e—ez<A, one can obtain n;-n|
=2AN(gp) and

(ny—n))?
Eyin=E}y + N(ep) A’ = E + m (4)
F.

where Egin is the kinetic energy of the spin unpolarized gas

of electrons, with n;—n =0. According to Eq. (4) the in-
crease of the kinetic energy E,;, due to the spin polarization
becomes smaller with the growth of the density of states at
the Fermi level, N(g), or with narrowing of the bandwidth
[6]. From Egs. (3) and (4) it is easy to obtain Stoner’s crite-
rion for ferromagnetic instability and spontaneous magnetic
ordering,

IN(ep) > 1. (5)

Thus, the Stoner model allows prediction of the emergence
of anomalous magnetic ordering in clusters of transition el-
ements (see, e.g., Ref. [39] and references therein). The spa-
tial confinement leads to d-band narrowing [60] which pro-
duces an enhancement in N(eg). This enhancement can lead
to ferromagnetic instability and formation of spontaneous
magnetic ordering in clusters.

It is also important to note that narrowing of d states in
clusters can result from symmetry effects. Indeed, d states
degenerate with increase in cluster symmetry, promoting fer-
romagnetic instability. It is clearly seen from Fig. 6 that the
giant enhancement of magnetism occurs in the highly sym-
metric La, (T,), Lag (Dy, or distorted O},) and La,3 () clus-
ters. On the other hand, the structural changes are often ac-
companied by strong changes in magnetic behavior. Thus,
the reduction in symmetry of La;; from the ground state
icosahedral structure to the first low-lying isomer with Cj
symmetry results in the sharp decrease in magnetic moment
per atom from 1.0up to 0.23up, respectively. Note that the
difference in total binding energies between [, and Cj struc-
tures of La,5 is only 0.06 eV.
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La,(S=4)

Lag(S=1/2)

La (S=2)L a,5(8=13/2)

FIG. 7. (Color online) Mulliken atomic spin densities for Lay,
Las, Lag, and Laj; clusters. The green and the red colors denote
excess of spin-up and spin-down densities, respectively. The label
above each cluster image indicates the total spin S of the cluster.

The Mulliken analysis of atomic spin densities demon-
strate ferromagnetic ordering in La, and Lag clusters as it is
seen from Fig. 7. For La;; there is a ferromagnetic coupling
within the surface atoms. However, the spin of the highly
coordinated central atom is antiferromagnetically coupled
with the spins of the surface atoms. This leads to a total
magnetic moment per atom of 1.0up for the ground state of
La;; cluster. The enhancement of the spin magnetization of
La,; cluster is dominated by the surface contribution, even
though the highest coordinated central atom has the highest
moment, while the surface atoms have the lowest. It is inter-
esting to note that magnetic ordering in Las cluster is very
different from that in icosahedral Mn, 5 cluster [25]. For Mn,5
there is a ferromagnetic coupling within each of the five-
membered rings as well as between each ring and its nearest
neighbor cap. There is, however, an antiferromagnetic cou-
pling between the rings. Additionally, the highly coordinated
central atom is ferromagnetically coupled with one ring and
antiferromagnetically coupled with the other [25].

Figure 6 demonstrates that the ground states of Las, Las,
Lag—La;;, and La;, clusters possess nonzero magnetic mo-
ments, ranging from ~0.1up to 0.5up per atom, clearly in-
dicating that some La clusters display magnetic behavior,
while clusters Lag and La,, are not magnetic. The total mag-
netic moment of La clusters is comprised of sizable local
atomic magnetic moments [~(0.3—1.0)ug] that couple anti-
ferromagnetically. For example, for Las there is a ferromag-
netic coupling within three base atoms of triangular bipyra-
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mid, and an antiferromagnetic coupling between the base and
its capping atoms, as it is seen from Fig. 7.

Overall, the calculated magnetic moments of La clusters
are in a good agreement with the experimental results of Ref.
[39]. With an exception of N=13, the theoretical curve re-
produces general features in the size dependence of the mag-
netic moment per atom obtained in experiment. The theory
reproduces a giant enhancement of magnetism in Lag, dis-
covered experimentally as well as it reproduces a sharp de-
crease in size dependence of u for N=7 and 8. We found that
the magnetic moments per atom are relatively small for La
clusters within the size range 8 <<N =12 in accord with the
experiment. The calculated value of the magnetic moment
for La;, is 0. This result is also in full agreement with the
experiment that shows no measurable deflection or broaden-
ing of the beam profile for La,, [39]. Unfortunately, there are
no experimental data for La,, for which we predict a giant
enhancement in magnetism, with the magnetic moment per
atom reaching 2.0up.

The main disagreement between the theory and the ex-
periment arises for La;;. Figure 6 shows that theoretical
value of the magnetic moment for the icosahedral La,; clus-
ter considerably higher than observed in the experiment.
Such a difference can arise due to the existence of energeti-
cally closely lying isomer structure of C; symmetry. The
total binding energy, E,, for the C5 isomer of La,3 cluster is
only 0.06 eV smaller than that for the /, ground state. The
calculated magnetic moment per atom of 0.23u for C; iso-
mer is in a good agreement with experiment, as it is seen
from Fig. 6. We note that the size variation of the experimen-
tally measured magnetic moment per atom of SC and Y clus-
ters display pronounced maxima for N=13 [39]. By contrast,
the experimental data for La,5 displays no giant enhancement
of magnetism. This difference was explained in Ref. [39] by
possible different structural motifs in growth of SC, Y, and
La clusters.

As we have discussed above, La clusters possess various
structural and spin isomer forms. The small energy differ-
ences between spin isomers result in the dependence of the
thermally averaged magnetic moment on temperature due to
the thermal population of low-lying spin isomers.

Figure 8 shows the temperature dependence of the ther-
mally averaged magnetic moment per atom, (u), which is
defined as

> wiexp(- EJKT)

=— . 6
i > exp(- E/kT) ©

i

Here w; is the magnetic moment per atom for isomer i with
the total energy E;, k is the Boltzmann constant and 7 is the
ensemble temperature.

The temperature dependence of (u) is expected to be
rather weak for low temperatures 7<<100-150 K, and only
the ground state isomer will contribute to () at the tempera-
ture of 58 K wused in Ref. [39]. However, for T
>200-300 K we found a strong dependence of the ther-
mally averaged magnetic moment on temperature. Figure 8
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FIG. 8. (Color online) Thermally averaged magnetic moments
per atom for La clusters.

demonstrates the increase of the average magnetic moments
for ensembles of La,, Las, Las, Lag, Lag, La;;, La;,, and La;4
clusters with temperature which is due to the thermal popu-
lation of the spin isomers. For the ensembles of La,, La;, and
La;; clusters, the average magnetic moment decreases with
temperature. For the ensembles of Lag and La, clusters the
average magnetic moment practically does not depend on
temperature up to 7=1000 K. Such an anomalous behavior
of the magnetic moment with temperature (7>300 K) can
be detected in Stern-Gerlach deflection experiments. We be-
lieve we can explain the thermal behavior of La, dimer. The
increase in temperature depopulates the triplet state and
populate the pentet and the singlet states. Therefore, we pre-
dict that for La, a rise in temperature would lead first to
increase of the thermally averaged magnetic moment per
atom due to the increase in population of the pentet state.
The subsequent decrease in (u) (7>300 K) would result
from the higher population of the singlet state. Similar
anomalous behavior of the magnetic moment has been pre-
dicted for small Pd clusters [61].

IV. CONCLUSION

The optimized structure, electronic and magnetic proper-
ties of La clusters consisting of up to 14 atoms have been
investigated using ab initio DFT PBEPBE-LANL2DZ
method.

We found a giant enhancement of magnetism in La,, Lag,
and La;s clusters. We also found that the ground states of
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La,, Las, Las, La;, Lag—La,;, La;, clusters possess nonzero
magnetic moment, ranging from ~0.1up to 1.0y per atom,
clearly indicating that small La clusters display magnetic be-
havior, even though bulk La has no magnetic ordering. The
results of our calculations of the magnetic moment per atom
for La clusters are in a good agreement with those derived
from experiment.

We show that increase in cluster symmetry can promote
ferromagnetic instability in La clusters. On the other hand,
the structural changes can be accompanied by strong changes
in magnetic behavior.

A variety of structural and spin isomers were determined.
We predict increase of the average magnetic moments for the
ensembles of La,, Las, Las, Lag, Lag, La;;, Laj,, and Lay
clusters with temperature for 7>300 K due to the thermal
population of spin isomers. For the ensembles of La,, Las,
and La,; clusters, the average magnetic moment decreases

PHYSICAL REVIEW A 74, 043201 (2006)

with temperature. Our study suggests temperature-dependent
Stern-Gerlach deflection measurements.

Our results were obtained for free La clusters. Many in-
teresting problems laying beyond the scope of the present
work arise, however, when considering possible enhance-
ment of magnetism in clusters deposited on a surface or em-
bedded into a matrix. This problem can have important tech-
nological applications for the creation of new nanostructured
materials with unique magnetic properties.
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