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Magnetism and chemical ordering in binary transition metal clusters
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Binary XY clusters, with X,Y € {Mn,Fe,Co,Ni}, are investigated within first-principles simulations in the
framework of density-functional theory. In the case of Co-Mn, the increase in magnetic moment with Mn
concentration, which is in contrast to the bulk behavior and was also observed experimentally, is explained on
the basis of the electronic structure of the clusters. For Co-Fe, Ni-Mn, Ni-Fe, and Ni-Co, due to the ferromag-
netic couplings between the local moments, the same dependence is found, i.e., moments increasing with the
concentration of the element with the lower value of atomic number. For Fe-Mn (as well as Co-Mn and Ni-Mn
clusters containing many Mn atoms), the situation appears to be more complex with antiferromagnetic tenden-
cies resulting in a nonmonotonic change of the cluster moment with Mn concentration.
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I. INTRODUCTION

Magnetic transition metal (TM) nanoclusters are currently
receiving considerable attention from a fundamental, as well
as a technological, point of view, being discussed as promis-
ing candidates for future applications such as, e.g., ultrahigh
density magnetic storage devices.! Due to their reduced di-
mensionality, many of their properties significantly differ
from those of the corresponding bulk materials. This gives
rise to numerous interesting phenomena, such as unusually
high magnetic moments? or unique geometric structures.>*

In going from monoatomic to binary systems, composi-
tion and atomic arrangement in the clusters, e.g., core-shell
as opposed to other ordered structures or random alloys,’
provide additional degrees of freedom, which open up the
possibility to design new materials with desired properties.
Today it has become feasible to conduct experiments in
which some of these properties are measured on an atomic
level.®8 In the case of Co-Mn, it could be shown recently
that the clusters possess different magnetic properties than
bulk Co-Mn: While in the latter, on the Co-rich side, the
moment decreases with increasing Mn concentration xyy,, an
increase is found for the clusters.® In contrast to that, the
behavior of clusters matches that of the volume material in
the Co-V system. The unexpected finding for the Co-Mn
clusters was interpreted on the basis of a Friedel-type
picture’ for their electronic densities of states. Without hav-
ing access to these in experiment, however, no definite ex-
planation could be given. Furthermore, the experiments
could only be performed for Co-rich clusters, i.e., for xy,
<0.4. To our knowledge, comparable studies have not been
reported of yet for other combinations of TM elements.

Due to the substantial numerical effort arising from the
fact that the presence of more than one species in the clusters
greatly enhances the complexity of the problem, computa-
tional studies for polyatomic clusters were, in the past, either
performed using model potentials,'®!! restricted to selected
compositions,!!=!3 or smaller systems with only a handful of
atoms.'* In this work, we present results from a systematic
ab initio investigation over the whole composition range for
13-atom binary TM clusters composed of the elements Mn,
Fe, Co, and Ni, as well as 55-atom Co-Mn clusters. The
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findings enable us to unravel the mechanism responsible for
the magnetism in small Co-Mn clusters and at the same time
obtain information about magnetic properties and ordering in
the other TM systems for which only limited experimental or
theoretical information is available.

II. COMPUTATIONAL DETAILS

The calculations were performed within density-
functional theory in the generalized gradient approximation
(GGA) parametrized by Perdew, Burke, and Ernzerhof! in
combination with the projector-augmented wave method!®
and a plane-wave basis set. This approach has proven to be
able to successfully describe the atomic systems treated here:
The accuracy of the projector-augmented wave method is
comparable to an all-electron calculation, and a plane-wave
basis set can be considered superior to localized basis func-
tions as it allows for a smooth, systematic convergence of
calculated quantities with basis-set size. While it is definitely
necessary to go beyond the local-density approximation and
take into account gradient corrections, the specific choice
of GGA functional, however, leaves calculated energetic
and magnetic properties of TM systems essentially unaf-
fected.!”1°

It turned out that, for the present investigation, relativistic
effects could be neglected, as well as noncollinear magnetic
states, which only play a role in the high-xy;, regime. We
have also checked that explicit consideration of electronic
correlation effects (GGA+U) does not change the ground
states, except for a slight increase in total magnetic moments.
These three aspects are discussed in more detail in Sec. III.
With respect to the interaction of the clusters with their pe-
riodic images, cubic supercells of 12 A and 18 A length
proved to be sufficiently large. All simulations were carried
out with the Vienna ab-initio simulation package (VASP).20%!

In order to systematically explore the effect of chemical
ordering and composition on the cluster properties, we focus
on closed-shell icosahedra with 13 and 55 atoms, which are
found to be particularly stable for the TM clusters considered
here.52> However, there are still 164 possibilities to distrib-
ute two kinds of atoms over the sites of a 13-atom icosahe-
dron. In addition, many different spin multiplicities had to be
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FIG. 1. (Color online) Magnetic moments (top panel) and rela-
tive energies (bottom panel) for the 164 isomers of icosahedral
13-atom Co-Mn clusters. Isomers with a Mn atom at the center are
represented by circles (magenta), clusters with a Co atom at the
center with squares (green). The black lines mark the lowest-energy
isomers found for each composition.

taken into account for each of these homotopes. For the re-
sulting clusters, geometric optimizations without imposing
any symmetry constraints were performed with the
conjugate-gradient method until the forces were below
1 meV/A. For 55-atom icosahedral clusters, we have stud-
ied a limited composition range due to the huge number of
possible distributions of the atoms that leads to more than
10 different homotopes.

III. RESULTS AND DISCUSSION

We begin our discussion with the Co-Mn system. Upon
relaxation, all isomers retain their overall icosahedral shape,
with slight distortions originating from the difference in
atomic volume of Co and Mn atoms, as well as Jahn-Teller
instabilities of some highly symmetric isomers. In Fig. 1,
magnetic moments and mixing energies,

N-n
Epis(n) = EMoibo (—

v 2EBN>, (1)
N
are depicted. The negative values of E,; over the whole
composition range indicate the favorable solubility of the
components, the most stable isomers being found for about
an equal amount of Co and Mn atoms. In the lowest-energy
isomers, with the exception of Co;;Mn,, where the two Mn
atoms prefer opposite positions on the icosahedral shell, the
central position of the icosahedron is occupied by a Mn
atom. The remaining Mn atoms tend to achieve maximum
distance from each other on the cluster surface. Substituting
a Co by a Mn atom at the center results in a drop of 8up in
magnetic moment, which directly corresponds to the case of
bulk Co-Mn with small xy;,. However, irrespective of the
type of central atom, substitution of a Co atom by a Mn atom
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FIG. 2. (Color online) Change of the site-projected electronic
density of states of 13-atom Co-Mn clusters with Mn concentration.
Occupied Mn states are shaded. The 6 peaks of the energy levels
have been smeared using a value of 50 meV. The scale of the
bottom panel has been changed in favor of better readability of the
figure.

at the surface increases the spin multiplicity by two, resulting
in an increase in the total magnetic moment by 2up, up to a
number of eight Mn atoms in the cluster. This finding is in
perfect agreement with the behavior of Co-Mn clusters of
various sizes observed experimentally,® and is also supported
by very recent results of a computational study?® that has
appeared during the publication process of the present paper.

At CosMng, a crossover from ferromagnetic (FM) cou-
pling of the surface atoms to antiferromagnetic (AF)-like or-
dering takes place. This is due to the fact that the spin struc-
tures of the pure clusters are completely different: While the
local moments are aligned in parallel in Co,3, the moments
of six surface atoms are flipped in Mn,3, leading to a very
small total moment of only 3up. When a few Mn atoms are
replaced by Co, the AF-like order is conserved. This is in
good agreement with a previous study on pure Mn clusters,?*
where the switch from FM to AF was found to occur for
Mns—an entity which is practically not present in 13-atom
Co-Mn clusters containing less than eight Mn atoms. Due to
the vast number of possible spin configurations for the AF-
like isomers, a comprehensive account of the ground-state
properties in the high-x), regime is beyond the scope of this
work.

The absolute values of the local moments of the surface
Mn atoms in Mn;; as well as in the mixed clusters are, with
~4.1wp, more than 1.5up larger than those of the Co atoms
in Coy3, indicating that they largely retain their atomic char-
acter. This is illustrated in Fig. 2, where the change of the
electronic structure of the lowest-energy isomers with the
number of Mn atoms is displayed. In all these isomers, the
moment of the central Mn atom is quenched, which results,
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together with a reduction in the moments of the surrounding
Co atoms, in the moment drop when the central Co atom is
replaced by Mn—exactly like in the bulk.” However, the Mn
shell atoms couple FM to the Co atoms. Their large magnetic
moments originate from the 3d majority spin states located
between —3 and —1 eV below the Fermi energy. Due to the
large exchange splitting, the corresponding minority spin
states are unoccupied and lie about 4 eV higher. A discussion
related to many-body effects is omitted here, since with in-
creasing xyp,, spectral weight is distributed over the whole
energy range.

A topic that has been discussed extensively especially in
connection with Co and Mn atoms is that of noncollinear
magnetic structures. In the framework of the computational
scheme described in Ref. 25, we have relaxed the electronic
states, as well as the atomic positions of several mixed clus-
ters starting from different, noncollinear initial spin struc-
tures. However, it turned out that noncollinearity does not
play a role here, as collinear magnetic structures were again
obtained for all the isomers we considered. This is in agree-
ment with a finding for pure Fe clusters where the stability of
noncollinear states is lost when the atoms are allowed to
relax and cluster symmetry is broken.?® We have also inves-
tigated the influence of relativistic effects by performing ad-
ditional calculations for the whole composition range where
spin-orbit interaction is treated as a perturbation term in the
scalar-relativistic Hamiltonian. It turns out that, in contrast to
the spin moments, the orbital moments decrease with in-
creasing Mn-atom concentration. However, irrespective of
the cluster composition, they are more than one order of
magnitude smaller and do not change the trends discussed
above.

In order to find out whether the behavior observed for the
13-atom clusters is also maintained in larger systems, we
have considered 55-atom Co-Mn clusters made up from a
central atom and two icosahedral shells. Due to the huge
number of possible distributions of the atoms, it is not pos-
sible to perform a similar comprehensive investigation as in
the 13-atom case. We opted to study the low-xy, range with
up to twelve Mn atoms in the clusters, for which experimen-
tal data are available.® While we were able to consider all
possible homotopes for Cos,Mn; (4) and Cos3Mn, (31), we
have investigated ten randomly chosen, as well as up to five
homotopes constructed by hand for Cos,Mn; to CoysMny,.

Magnetic moments and relative energies obtained after
full structural optimizations of these 177 different isomers
are shown in Fig. 3. In the lowest-energy structures among
these, most of the Mn atoms occupy surface positions far
away from each other and, as a result, possess many Co
atoms as nearest neighbors. For some compositions, this is
connected to the occupation of the central position with a Mn
atom, although the corresponding energy gain is relatively
small. In contrast to that, occupation of the inner shell with
many Mn atoms results in very unfavorable structures.

The resulting magnetic properties of the 55-atom system
are very similar to the 13-atom case. Except some single
isomers that are energetically not relevant, the moments of
all individual clusters lie in a 10ug-wide stripe with a slope
of 2, which is bounded from above by isomers with many
(more than 50%) Mn atoms at the surface. For clusters with
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FIG. 3. (Color) Magnetic moments (top panel) and relative en-
ergies (bottom panel) for various isomers of icosahedral 55-atom
Co-Mn clusters. Different kinds of isomers are distinguished by
color; the lowest-energy isomers are marked by a dashed line.

only Co atoms on the inner shell, replacing a Co atom at the
center by Mn again results in a drop of 8up, which again
corresponds to the bulk behavior. Although this actually hap-
pens in some of the lowest-energy isomers, the overall in-
crease in moment by 2up per added Mn atom is clearly
recognized and is in excellent agreement with the experi-
mental findings. Within this picture, even the slight drop in
moment for some cluster sizes at very small xy;, observed
but not discussed in Ref. 8 can be explained by the first Mn
atoms occupying internal positions in the cluster, while the
following Mn atoms are then going to the surface.

The electronic density of states for a characteristic 55-
atom Co-Mn cluster—the lowest-energy isomer found for
CoMng—is displayed in Fig. 4 (states have been smeared);
like in the case of the 13-atom system, the moment of the
central Mn atom is quenched due to the strong hybridization
with states of the surrounding Co atoms. In contrast to that,
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FIG. 4. (Color online) Electronic density of states of a CosMng
cluster, projected onto states of the central Mn atom (magenta),
outer shell Mn atoms (green), and Co atoms (black).
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FIG. 5. (Color) Magnetic moments (top panels) and mixing energies (bottom panels) of 13-atom binary TM clusters as a function of
composition. For each system, results are divided into two groups according to the element occupying the central position of the icosahedron.
Black dashed lines mark the properties of the lowest-energy isomers found for each composition.

the Mn atoms located at the cluster surface possess local
magnetic moments of ~3.9ug. They couple FM to the Co
atoms, with the Mn d states lying 4 eV below the corre-
sponding unoccupied minority states.

When we replace Co by Ni, we find the same magnetic
behavior as in the Co-Mn system, except that the slope of the
moment Vs Xy, curve now amounts to three, which corre-
sponds to the difference in atomic numbers of Mn and Ni.
Preferential occupation of surface sites by the Mn atoms, as
well as a crossover to AF-like ordering, is also found for this
system. This is shown in Fig. 5, where results from structural
optimizations of binary clusters made up from Mn, Fe, Co,
and Ni are summarized. In the case of Fe-Mn, no comparable
trend is observed, which can be traced back to AF tendencies
in this system, making it the most complicated to study. A
detailed discussion of the ground-state properties of the in-
dividual isomers, however, does not lie in the scope of this
work. We only note that the Fe-Mn system is the one with
the smallest mixing energy of all. For the combinations of
the FM 3d TM elements Fe, Co, and Ni, again an increase in
the moment with the concentration of the element with the
smaller atomic number Z is found. In all three cases, one of
the elements clearly prefers the central position, however,
not always the one with the lower value of Z.

For comparison with the measurements of Ref. 8, we have
also performed calculations for the Co;;_,V,, system. Due to
the complicated ferrimagnetic spin structures that determine
the energy landscapes of these clusters, we were not able to
find the configurations with the lowest energy for each clus-
ter (which would require up to several hundreds of calcula-
tions for each single isomer). However, even without taking
into account subtle details of the spin structures and starting
from randomly oriented local moments under the constraint
of different fixed spin multiplicities, the experimentally ob-
served picture, namely, the decrease in cluster moment with
increasing V concentration, emerges from the calculations in
a natural way and is easily explained by the AF coupling of
V atoms with the surrounding Co atoms also for low V con-
centration. This is the behavior expected from the bulk and is
in contrast to the Co-Mn case.

We would also like to add some remarks concerning the
effects of electronic correlation beyond the GGA that can,
e.g., be incorporated in the calculations via the GGA+U
approach.?’” We have shown recently®® that the explicit con-
sideration of the on-site Coulomb interaction between local-
ized d electrons is important for very small TM (especially
Fe) systems, in which the coordination of the atoms is low
(like in Fe,). While, in that case, calculated ground-state
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FIG. 6. (Color online) Magnetic moments of 13-atom Ni-Fe
clusters, calculated within GGA (blue circles), as well as GGA+U
with Uxi=3 eV and Ug.=2 eV (red squares).

properties can be affected significantly, the GGA+U treat-
ment is far less important in larger systems, metallic systems,
where the screening of the 3d electrons is more pronounced
and the density of states already shows bulk-like features.
This is illustrated in Fig. 6, where the change of magnetic
moments with composition is compared for GGA and
GGA+U (with Uy;=3 eV and Ug.=2 eV) for the lowest-
energy isomers of 13-atom icosahedral Ni-Fe clusters. Al-
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though for most compositions the magnetic moment of the
ground state is 2, 4, or 6up higher in the GGA+U case,
which can be traced back to subtle changes in the electronic
structures of the clusters, the overall behavior is clearly un-
affected.

IV. CONCLUSION

To summarize, we have shown that the unexpected find-
ing of increasing magnetic moments in binary Co-Mn clus-
ters can be explained by the large surface-to-volume ratio of
the clusters, in combination with the fact that the Mn atoms
prefer to occupy surface positions, resulting in local mo-
ments which are aligned FM with respect to the Co mo-
ments. The same behavior is obtained for Co-Fe, Ni-Mn,
Ni-Fe, and Ni-Co clusters, while in the case of Fe-Mn, AF
tendencies lead to a nonmonotonic change of magnetic mo-
ment with xpp,.
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