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Abstract The binary clusters of transition metal atoms form an interesting platform
for studying the effects of shape, size, chemical compositions, and ordering on its
magnetic properties. Notably, mixed clusters often show higher magnetic moments
compared to pure elemental clusters. Due to the reduced dimension of the clusters,
they tend to behave as single domain particles. One important parameter of their
magnetic behavior is the magnetic anisotropy energy. In this chapter we review
previous works on the magnetic anisotropy energy of binary alloy clusters, along
with a density functional theory based method to compute the anisotropy energy
with applications to binary metal clusters. The clusters of transition metal atoms
often show high spin moments but generally are also reactive with the environment.
Passivation of the surface atoms can lead to more stable clusters. We have explored
one such avenue for passivation in this work. We consider the As@Ni12@As20
cluster which in the neutral state has a magnetic moment of 3 μB. We dope this
cluster by substituting various numbers of Ni atoms by Mn atoms. The substitu-
tional doping leads to spin moments located mostly on the Mn atoms. The doping
also leads to symmetry breaking and as a consequence the number of structural
isomers and spin ordered states for each isomer becomes very large. We have
investigated all possible ferromagnetic isomers for a given number of dopants and
subsequently all the possible anti-ferromagnetic states for the lowest energy
structure were examined. The results show that the encapsulation within the As20
cage stabilizes the clusters and the atomization energy of the clusters increases as
the number of dopant increases. These clusters have small energy barrier for
reversal of magnetization and also have rich variation in configuration and spin
states with many low-lying spin states.
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1 Introduction

The atomic clusters of transition metals (TM) have been studied extensively over
the last three decades. The main interest in the transition metal clusters arises from
their magnetic and catalytic properties. The super-paramagnetic behavior of mag-
netic nanoparticles has been known since mid-twentieth century [1]. Magnetic
nanoparticles have been used for recording purposes and are also being experi-
mentally used for medical purposes where their magnetic properties are exploited
for drug delivery or for bio-imaging. More novel applications of the magnetic
particles may emerge in future.

The nanoparticles used in data storage or for biomedical engineering are typically
large extending from tens to hundreds of nanometers [2, 3]. The atomic clusters
containing tens of atoms on the other hand fall in the small size regime of the
nanoparticles [4]. The atomic clusters in this range often show very different
properties from the bulk materials [5]. The reduction in size results in larger variation
in coordination numbers (compared to bulk) that usually leads to structures signifi-
cantly different from bulk fragments. As the cluster size grows the structure starts to
resemble bulk fragments. However, even for larger clusters, significant fraction of the
atoms are still on the surface and are under coordinated which leads to interesting
chemical properties [5]. For example, the TM clusters are also used to attach and
transport other molecules to targeted areas in biomedicine [2].

The transition metal clusters typically have non-zero spin moment [5–12].
Clusters smaller in size than the typical bulk magnetic domains behave as single
magnets. The spin-orbit interaction leads to the magneto crystalline anisotropy that
results in an energy barrier in flipping the direction of the spin. As the cluster size
increases the magnetic anisotropy energy (MAE) decreases and can become com-
parable to thermal energy for large particles. Such large particles (*10 nm) can
undergo super-paramagnetic relaxation. The super-paramagnetic behavior of the
clusters is exploited in applications as contrasting agent whereas for the data storage
purposes an energy barrier between the magnetic states higher than the ambient
temperature is highly desirable. For a cluster to possess higher energy barrier it needs
to have a large spin moment. It is to be noted that a large value of spin moment does
not necessarily result in higher anisotropy barrier. It is found that the alloy clusters
often have larger magnetic moment compared to clusters of one element. For
example, in mixed Co–Rh clusters the Rh atoms are found to have induced spin
moments [13]. The alloying offers the possibility of achieving a high variability in
composition and structure, which in turn govern the electronic properties.

In this chapter, we focus on the discussion of anisotropy energy barrier in the
transition metal alloy clusters. The metal clusters are typically more reactive due to
under coordinated surface atoms. Passivation of the clusters can saturate the bonds
and make the cluster chemically stable. Another way is to encapsulate the metal
clusters in an inorganic cage to stabilize these clusters. This chapter provides a brief
review of earlier work done on magnetic anisotropy in bare TM alloy clusters with a
discussion of recent work on encapsulated TM clusters.
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2 Magnetic Anisotropy in Transition-Metal Alloy Clusters

The transition metal alloy clusters have been studied both theoretically and
experimentally for their magnetic and chemical properties [14–29]. Enhancing a
particular property through dopants is an effective way in materials science to
investigate new species with potential applications [25, 30–33]. The vast variability
of size, structure and stoichiometry in clusters requires detailed systematic study. In
this work we consider only bimetallic alloy clusters. The alloy clusters can form
mixtures or segregated clusters mostly due to their different sizes [34]. The mixing
pattern in such clusters was classified by Johnston et al. as core-shell, mixed,
subcluster segregated, and multi-shell [4]. The magnetic properties of a few types of
mixed clusters have been studied experimentally. A large number of early theo-
retical calculations mainly focused on the spin alignment in the clusters. Early on it
was noted from theoretical calculations that the mixed 3d metal clusters have higher
spin moments than the elemental clusters [35]. It was found that embedding clusters
of 3d transition metal (Fe) in a non-magnetic solid (Ag) can lead to giant magneto
resistance [36]. This interesting experimental result led to many works on alloy
clusters of 3d transition metal atoms with 4d or 5d metal atoms. The 3d materials
have high spin moment and the 4d materials show strong spin-orbit coupling. When
combined these two effects can lead to systems with high magnetic anisotropy
energy. Moreover, enhancement of the spin moments on the 4d/5d atoms also leads
to higher magnetic moment of the cluster. One such system is Pd coated Ni
nanoparticles which were found to possess a ferromagnetic Ni core surrounded by
ferromagnetic and paramagnetic Pd layer. However, the magnetization showed
steep saturation in hydrogen atmosphere [37]. On the other hand, intermixed Ni–Pd
alloy nanoparticles were found to be superparamagnetic with a blocking tempera-
ture of 290 K [38]. Co–Rh alloy particles have shown strong enhancement of
magnetization compared to bulk alloys. This effect is attributed to a combination of
size reduction and coupling with a magnetic 3d element (Co), leading to an
enhanced induced electronic spin polarization of the 4d (Rh) atoms, while retaining
the magnetism due to the Co atoms [39–41]. In these clusters there is an induced
magnetic moment on the Rh atoms with increasing Co concentration, which results
in an increase in the average magnetic moment per atom. Rohart et al. studied the
magnetic anisotropy energy of Co–Pt mixed clusters embedded in various matrix
[19, 42]. By comparing different chemical compositions they found that a small
amount of Pt induces increase in volume anisotropy. Tournus et al. have noted the
dispersion of the anisotropy constant in size selected CoPt alloy clusters which
shows the chemical environment of the Co atoms is important as it directly
determines the anisotropy. Luis et al. [42] have reported significant increase in
blocking temperature and coercive field for Co clusters capped by a thin Au layer
[20]. Detailed theoretical studies have been done on the magnetic anisotropy energy
(MAE) of mixed clusters of Co–Rh [13, 43, 44] CoPd [41, 45], Pt covered Co, Fe
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and Ni clusters [46], Fe–Co mixed clusters [28], Co–Mo mixed clusters [47].
Theoretical works point out the contribution from the orbital magnetic moment, and
also the importance of chemical composition or environment of the 3d metal atoms.
The mixed clusters with 4d or 4d non-magnetic atoms showed enhanced spin
moment on the 4d or 5d atoms. The Pt covered Co clusters retained the magneti-
zation properties of the Co cluster in core-shell structure but increased the volume
anisotropy in case of mixed clusters. On the other hand, Au capped Co clusters
showed enhanced magnetization. From these studies it is evident that alloying helps
in enhancement of magnetization but also depends on the structure. Materials
assembled from such clusters have vast potential for novel applications but more
studies are needed. In the following we describe a density functional based method
for calculation of the magnetic anisotropy energy in molecules and clusters fol-
lowed by some recent applications to mixed TM clusters.

3 Magnetic Anisotropy Energy

Magnetic materials are said to have magneto crystalline anisotropy if it takes a
stronger field to magnetize in a specific direction compared to the others.
Depending on the orientation of the field with respect to the crystal lattice one
would need a lower or higher magnetic field to reach magnetic saturation, a
characteristic that leads to the definition of two types of axes, the easy and the hard
one, that arise from the interaction of the spin magnetic moment with the crystal
lattice. The easy axis is the direction inside a crystal, along which a small applied
magnetic field, is sufficient to reach the magnetic saturation. Finally, the
magneto-crystalline anisotropy energy is the energy needed to deflect the magnetic
moment in a single crystal from the easy to the hard direction.

The magnetic anisotropy energy barrier is related to the zero-field splitting of the
spin states due to spin-orbit coupling. A few algorithms have been formulated to
compute magnetic anisotropy within density functional theory [48, 49]. The dis-
cussion below follows an approach due to Pederson and Khanna [48], Pederson and
Baruah [50]. In the classical explanation of spin-orbit coupling an electron moving
with velocity v and accounting for the fact that electron is not spinless, the inter-
action energy is given by,

U r; p; Sð Þ ¼ � 1
2c2

S:p�ru rð Þ; ð1Þ

where uðrÞ is the Coulomb potential, p is the momentum operator. The determi-
nation of spin-orbit coupling matrix element is a necessary ingredient to the
numerical solution of the Schrodinger equation. To determine the generalized
spin-orbit interaction from Eq. (1) it is necessary to calculate matrix element of the
form,
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Uj;r;k;r0 ¼ fjvr U r; p; Sð Þj jfkvr0
� �

¼
X

x

�1
i2c2

fj r�ru rð Þ½ �x
�� ��fk

� �
vr Sxj jvr0h i

¼
X

x

1
i

fj Vxj jfk
� �

vr Sxj jvr0h i;

with the operator Vx defined according to

fj Vxj jfk
� � ¼ �1

2c2
fj

d
dy

du
dz

� d
dz

du
dy

����
����fk

� �
: ð2Þ

Using the identity,

fi
du
dy

d
dz

fj

� �
¼

Z
d3r

d
dy

fiu
dfj
dz

� �
� dfi

dy
uj j dfj

dz

� �
� fi uj j d

2fj
dzdy

� �
;

we get

fj Vxj jfk
� � ¼ 1

2c2
dfj
dz

uj j dfk
dy

� �
� dfj

dy
uj j dfk

dz

� �	 

: ð3Þ

The matrix elements for Vy and Vz are determined by the cyclic permutation.
Let us assume that, in the absence of a magnetic field and spin-orbit coupling,

we have determined the wave functions wir within a self-consistent field
(SCF) approximation. The SCF wave functions satisfy

H wiri ¼ �irj jwiri;

where wirij is a product of a spatial function and spinor according to
jwiri ¼ uirðrÞvr.

With the inclusion of spin-orbit coupling and the introduction of a magnetic of
field the perturbed wave functions satisfy,

Hþ V
i
þ 1

c
B

	 

� S

� �
w0
iri ¼ �0irjw0

iri:

Here, the operator V is defined according to Eq. (3) and the magnetic field (B) is
assumed to be uniform.

Now let W ¼ V
i þ 1

cB
� �

. According to the second order perturbation theory, the
Hamiltonian matrix is perturbed by the following equation,

D ¼ D1 þD2:
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In the absence of applied magnetic field the first order energy shift is,

D1 ¼
X
ir

Srri
X
k

hukr Wij jukri:

The first order energy shift vanishes due to the operator �iV � S and the first
order correction to the orbital is purely imaginary. The second order energy shift is,

D2 ¼
X
ir0

X
ij

Wrr0
ij Srr

0
i Sr

0r
j ; ð4Þ

where, Srr0i ¼ hvrjSijv0
r0 i,

and, Wrr0
ij ¼ Wrr0�

ji ¼ P
ij

hukrjWijulr0 ihukr0 jWjjulri
�kr��lr0

.

In Eq. 4 here the 1st sum is running over spin-up and spin-down states. In the
2nd sum we are running over all the co-ordinate levels (x, y, z). The W matrices are
simplified to,

Wrr0
ij ¼ �

X
kl

hrkr Vij jrlr0 ihrlr0 Vj

�� ��rkri
�kr � �lr0

þ BiBj

c2
X
kl

\rkr Vij jrlr0 ihrlr0 Vj

�� ��rkri
�kr � �lr0

In the limit of B approaching zero, the second term vanishes and the W matrix
becomes as follows

Wrr0
ij ! Mrr0

ij ¼ �
X
kl

\rkr Vij jrlr0 [\rlr0 Vj

�� ��rkr [
�kr � �lr0

: ð5Þ

In the above equations vr and v0r are any set of spinors.ukr and ulr0 are the
occupied and unoccupied states respectively. �0s are the corresponding energies.

The second-order shift in the energy of the system in the absence of a magnetic
field can be rewritten as, D2 ¼

P
ij
cij Sih i Sj

� �
. By diagonalizing the anisotropy

tensor ðcÞ, the anisotropy energy can be determined. The value of c can be cal-
culated within the density functional framework using second-order perturbation
theory and in terms of Kohn-Sham orbitals, it is given by,

c ¼ 2
DN2

	 

M11

zz þM22
zz þM12

xx þM21
xx �M11

xx �M22
xx �M12

zz �M21
zz

� �
;

where DN is the number of unpaired electrons. Once the anisotropy tensor is
diagonalized the second-order energy shift can be rewritten as,
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D2 ¼ 1
3

cxx þ cyy þ czz
� �

S Sþ 1ð Þþ 1
3

czz �
1
2

cxx þ cyy
� �� �

� 3S2z � S Sþ 1ð Þ �

þ 1
2
ðcxx � cyyÞðS2x � S2yÞ:

ð6Þ

The anisotropy Hamiltonian splits the 2S + 1 spin states and when the isotropi
term is ignored, it can be expressed as

H ¼ DS2z þE S2x � S2y
� �

; ð7Þ

The value of D and E parameters in the above equation can be directly obtained
from the cxx, cyy; czz and therefore the magnetic anisotropy energy can be obtained.

The method described above is implemented in the NRLMOL suite of software
[51–56]. Below we present results of previous calculations on several single
molecule magnets and compare them with experimental values for benchmark
purpose.

The values of the axial anisotropy parameter D in Eq. 7 are available from a
number of experiments for different single molecule magnets (SMM). Several
first-principle calculations have been carried out with the use of the NRLMOL code
on SMMs such as Mn12 [48, 57, 58], Mn10 [59], Ferric star, Fe4, Fe8 [60–62], Mn4
[63], Co4 [64], Mn9 [65] etc. These results are summarized in Table 1. In general a
good agreement of the spin ordering is found between theoretical calculations and
experiments. The broken symmetry approach is needed for systems with antifer-
romagnetic spin ordering. Moreover, the calculated D parameters for Mn12, Mn10,
Mn9, the ferric star Fe4 and Cr-amide molecular magnets are in excellent agreement
with experimental values. The only discrepancy is found for Fe8, a system that
seems to pose complications for the DFT treatment. Apparently DFT may be unable
to predict the ground state density accurately enough due to important electronic
correlations beyond the mean-field treatment or missing Madelung stabilization

Table 1 Comparison of experimental and NRLMOL calculated magnetic anisotropy parameters
(D)

Molecule S MAE (K)

Experiment Theory

Mn12O12(O2CH)16(H2O)4 10 −0.56 −0.56 [48]

[Fe8O2(OH)12(C6H15N3)6Br6]
2+ 10 −0.30 −0.53 [60]

[Mn10O4(2,2′-biphenoxide)4Br12]
4− 13 −0.05 −0.06 [59]

Co4(CH2C5H4N)4(CH3OH)4Acl4 6 −0.7 to −0.09 −0.64 [66]

Fe4(OCH2)6(C4H9ON)6 5 −0.57 −0.56 [67]

Cr[N(Si(CH3)3)2]3 3/2 2.66 −1.15 [67]

Mn9O34C32N3H35 17/2 −0.32 [65] −0.33 [65]

Mn4O3Cl4(O2CCH2CH3)3(NC5H5)3 9/2 −0.72 −0.58 [63]
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(absent in the isolated system). The SMMs listed in Table 1 are in general char-
acterized by a high spin ground-state. However, a high spin state does not neces-
sarily correlate with a high anisotropy barrier. The parameter D is also very
important. In order to increase the barrier one has to understand and control D,
which will be the main goal of future research in this area. In all cases where the E
parameter is not zero by symmetry it has been predicted with similar accuracy as D.
These results provide confidence in the predictive ability of the formalism.

4 Applications to Transition Metal Mixed Clusters

(a) FenComClusters:

Kortus et al. used NRLMOL to study FenCom (n + m = 5 and 13) binary clusters
with bipiramidal and icosahedral symmetries shown in Fig. 1, and investigated the
effects of alloying on its magnetic moment and MAEs [28]. The dopant atoms were
placed along the molecular axis. Their density-functional study showed that many
alloy clusters have moments comparable to or higher than those present in pure
clusters of Fe or Co, ranging from 13 to 41 μB. They found these systems have very
low anisotropies, 1.8 to −63 K (Cf. Table 2) making them ideal candidates for soft
magnetic materials. The bulk Co has higher anisotropy than pure Fe or mixed Fe–
Co alloys however the Co clusters have the lowest anisotropy. This work showed
that a high magnetic anisotropy requires a strong coupling between occupied and
unoccupied states close to the Fermi energy, and that one possible way to
accomplish this may be by generating unreactive, compositionally ordered uniaxial
clusters with small gaps. It also highlights the importance of shape, composition
and compositional ordering in mixed atom clusters.

(b) COnMOmNANOCLUSTERS

Cobalt dimer has a large magnetic anisotropy [68–71]. Garcia-Fuente et al. studied
Mo4−x Fex and concluded that these clusters are good candidates for molecular
electronic devices [72]. It has also been shown that Mo2X2 (X = Fe, Co, Ni)
clusters are able to act as spin filters [73]. These observation led Liebing et al. to

Fig. 1 The uniaxial
geometrical configurations for
the 5 and 13 atoms cluster,
triangular bipyramid
geometries and distorted
icosahedrons. The dopant
atoms were placed along the
uniaxial axis. Reprinted with
permission from [28].
Copyright 2002, AIP
Publishing LLC
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investigate ConMom nanoclusters [47] with n + m = x and 2 <= × <= 6. They
studied pure cobalt and molybdenum clusters and compared their properties with
those of its respective mixed species for each cluster size x. They found that the
magnetic moment of a given cluster is mainly determined by the Co content and
increases with increasing n. The magnetic anisotropy on the other hand becomes
smaller for larger magnetic moments as shown in Table 3. They reported the
variation of the electronic properties of the clusters as a function of size. An
increase in binding energy, electron affinity, and average bond length, and a
decrease in ionization potential, chemical potential, molecular hardness, and the
HOMO–LUMO gap was found for increasing cluster size.

(c) Encapsulated Clusters

Cluster based materials offer the potential for new novel properties, which can be
tuned by changing the cluster structure, composition, size, coordinating ligands etc.
One of the reasons that gas phase metal cluster properties cannot be interpreted as
indicator of the cluster based bulk materials is that the clusters often have unsat-
urated bonds and therefore are chemically active. Such gas-phase clusters may

Table 2 Magnetic moment
and MAE for the relaxed
5-atom and 13-atom clusters

Cluster Moment (μB) MAE (K)

Co5
a 13 6

Co3Fe2 13 27/15

Co2Fe3 16 21

Fe5 16 14

Co13 21 0

Co10Fe3 30 63

Fe10Co3 41 9

Fe13 44 41
aReprinted with permission from [28]. Copyright 2002, AIP
Publishing LLC

Table 3 Magnetic ground
state S and magnetic
anisotropy energy MAE for
the ConMom clusters

Cluster S MAE
(K)

Cluster S MAE
(K)

Co2 2 −5.6 Co4Mo 4 −1.5

CoMo 3/2 13.4 Co3Mo2 5/2 −1.6

Co3 5/2 −6.5 Co2Mo3 2 6.1

Co2Mo 2 12.5 Co6 7 −0.02

Co4 5 1.0 Co5Mo 9/2 −0.6

Co3Mo 5/2 10.7 Co4Mo2 3 −2.7

Co2Mo2 2 −5.9 Co3Mo3 5/2 3.6

CoMo3 3/2 8.5 Co2Mo4 2 −10.8

Co5 11/2 −1.2 – – –

Reprinted Table with permission from [47]. Copyright 2015 by
the American Physical Society

Magnetic Anisotropy Energy of Transition Metal Alloy Clusters 277



change their size and properties when in a bulk environment. However, these
clusters could be protected using organic/inorganic ligands. One such example is
the [As@Ni12@As20]

3− ion that was isolated in 2004 by Eichhorn and coworkers
[74]. This ion has perfect icosahedral symmetry and has a structure that contains an
icosahedral Ni12 cluster embedded in the dodecahedral As20 cage. The inner
icosahedral Ni12 cluster has an arsenic atom at its center. The two interlocked cages
result in a polyhedron containing 60 triangular faces with icosahedral symmetry.
Subsequent density functional calculations showed that the bonding between the
As20 and Ni12@As units is about 26 eV and that the cluster was vibrationally stable
in the gas phase [75, 76]. Recently, we carried out DFT calculations on the mag-
netic anisotropy energies of As@Ni12@As20 cluster doped with Mn atoms. The
doping is substitutional in that the dopant Mn atoms replace Ni atoms in the cluster.
The substitutional doping thus resulted in the Ni12−xMnx alloy clusters encapsulated
within the As20 cage. We doped the parent cluster by up to six Mn atom. Depending
on the number of dopant Mn atoms, the substitutional doping can result in various
isomers as there are multiple possible configurations of doping sites. We have
considered all possible sites for substitutional doping. For every possible config-
uration of Mn dopants in the parent clusters, the lowest energy ferromagnetic
isomer was obtained by geometry optimization. Subsequently, search for the lowest
energy spin configuration was carried out by considering all possible ferrimagnetic
isomers. We begin with the optimized geometry of the neutral As@Ni12@As20
cluster which we will henceforth refer to as the parent cluster. The geometrical
parameters of the parent cluster optimized using the PBE functional were found to
be in good agreement with experiment [76]. This cluster is highly symmetric with a
magnetic moment of 3 μB. The high symmetry of the molecule rules out any
anisotropy of magnetization. The As@Ni12@As20 cage is symmetric and as a result
does not have any magnetic anisotropy. In this cage each Ni atom is coordinated
with five As atoms. The Ni atoms form an icosahedral inner cage and thus each Ni
atom is also coordinated to five other Ni atoms. The doping is substitutional in
nature, that is, Ni atoms are replaced by the Mn atoms. As a result, the Mn atoms in
these clusters also have similar coordination with As and Ni/other Mn atoms. The
substitutional doping of the Ni atoms by multiple Mn atoms can result in various
different isomers. We considered all possible substitutional ordering/permutations,
that is, for a given x in As@Ni12−xMnx@As20 all possible isomers arising due to
different configurations of substitutional doping were considered. The resultant
geometry of every such an isomer was optimized simultaneously with spin opti-
mization to find most stable isomers with ferromagnetic spin ordering. These results
indicated that the spin charges are mainly located on the Mn atoms. Due to this
reason, the search of possible ferrimagentic spin ordering involved spin orientations
of only Mn atoms.

The calculations were carried out at the all-electron level using generalized
gradient approximation of Perdew, Burke and Ernzerhof (PBE96) to describe the
exchange-correlation effects [8]. The electronic orbitals and eigenstates are deter-
mined using a linear combination of Gaussian atomic type orbital molecular orbital
(LCGTO) approach as implemented in the NRLMOL code developed by Pederson
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and co-workers [9–11]. NRLMOL uses an optimized large basis set that include
supplemental diffuse d-type polarization function [12]. The integrals are accurately
and efficiently calculated using a variational mesh and an analytic solution of
Poissons equation is implemented to accurately determine the self-consistent
potentials, secular matrix, total energies, and Hellmann-Feynman-Pulay forces.

In the following we discuss the structural and electronic properties of each of the
encapsulated alloy clusters in detail.

As@Ni11Mn@As20

In the parent As@Ni12@As20 system, all Ni atoms that form inner icosahedron are
equivalent by symmetry. Likewise, all the As atoms that form outer dodecahedral
cage are also symmetrically equivalent. Since all Ni atoms are equivalent, one only
needs to replace one of the 12 Ni atoms byMn atom. Thus, there is only one resultant
structure. The optimized structure of As@Ni12@As20 is shown in Fig. 2 below.

As evident from the figure, the As20 cage in this case is distorted due to the
expansion of the As–As bond lengths near Mn. The doping however leads to further
stabilization of the cluster with a larger atomization energy of 4.93 eV compared to
the 4.80 eV of the parent cluster. The gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) is 0.16 eV
at the PBE level. The net spin moment in this molecule is 6lB. Our calculation on
the charge density inside a sphere placed on the Mn shows that the spin charge on
the Mn ion is 3.2 μB. The spin moment on the Ni atoms are small within a range of
0.2 μB. The presence of the Mn atom as well as the distortion of the cage breaks the
symmetry of the system, resulting in second order MAE of 10.4 K. It forms a
tri-axial system with a D parameter of 1.15 K and has E parameter of 0.06 K.

As@Ni10Mn2@As20

In the parent As@Ni12@As20 system, two Mn atoms were introduced by replacing
two of the 12 Ni atoms. There are three unique resultant possible structures of the
As@Ni10Mn2@As20 which were first optimized in the ferromagnetic state. The

Fig. 2 Structure of
As@Ni11Mn@As20 cluster
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structures of the three ferromagnetic isomers are shown in Fig. 3. The lowest
energy isomer has a net spin of 9 μB whereas the low-lying isomers both have spin
moment of 7 μB. The net spin on each of the Mn ions is 3.15 μB and the average
spin on the Ni ions is 0.25 μB, which in the ferromagnetic state leads to a net
moment of 9 μB for the lowest energy structure. The lowest energy cluster has MAE
on the order of 20 K. The cluster also has a gap of 0.25 eV, which indicates that the
cluster is chemically more stable compared to the single Mn doped system.

The lowest ferromagnetic isomer was further optimized in an anti-ferromagnetic
(AFM) state. The AFM spin configuration was achieved by applying a potential to
force the spin orientation in the first iteration of the SCF cycle and later releasing it.
Since there are only two Mn atoms in this cluster, only one antiferromagnetic
ordering is possible. The antiferromagnetic spin ordering results in a structure that
is higher in energy by 0.12 eV with a total magnetic moment of 1 μB. We find that
the Mn atoms induce similar spin orientation in the nearby Ni atoms.

As@Ni9Mn3@As20

The optimization of the three Mn doped As21Ni12 cage resulted in nine different
isomers as shown in Fig. 3 below. All the isomers show distortion of the parent
cluster from the highly symmetric structure due to alloying. There are a few
low-lying isomers within 0.1 eV of the lowest energy structure. The magnetic
moment in all clusters except isomer 7 is 12 μB. The magnetic moment is 10 μB for
this isomer in which all the three Mn ions are adjacent. Due to the breaking of
symmetry of the parent cage, magnetic anisotropy energy becomes significant. The
largest MAE is 37 K for the lowest energy ferromagnetic structure in which the
distances between the Mn ions are 0.264, 0.536, 0.472 nm. The spin moments on
the Mn atoms in this state are 3.1 μB.

We have investigated various ferrimagnetic states of the lowest energy alloy
cluster. There are three possible ferromagnetically ordered spin states and the
cluster was optimized in all these states. We find one AFM state that is about

Fig. 3 Three distinct isomers of As@Ni10Mn2@As20
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0.15 eV below the ferromagnetic state and forms the ground state of this isomer.
This spin of this state is S = 2. The depiction of the anti-ferromagnetically ordered
spin system is shown in Fig. 4. There is also another spin ordered state 0.05 eV
above the lowest AFM state. The lowest energy AFM state shows an energy barrier
of 18.6 K for reversal of magnetization. The three Mn doped system forms an easy
axis with a D parameter of 4.5 K and an E parameter of 0.68 K. The corresponding
parameters for the ferromagnetic state are 1.0 K and 0.1 K. The cluster undergoes
structural changes in the AFM state in which the bonds with the nearest As atoms
are shortened in two cases by as much as 0.11 Angstrom. The shortening of the
bonds increases the crystal field as a result of which the D and E parameters are
higher in the AFM state. However, due to the lower net spin of the cluster the
overall MAE is lower for the AFM state (Fig. 5).

Fig. 4 Isomers of As@Ni9Mn3@As20

Fig. 5 Spin ordering of Mn
atom in As@Ni9Mn3@As20
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As@Ni8Mn4@As20

There are five possible unique structures which can be generated from
As@Ni8Mn4@As20 system by replacing four Ni atoms by Mn atoms. The optimized
structures of As@Ni8Mn4@As20 in the ferromagnetic state are shown in Fig. 6. The
isomers are within a range of 0.09–0.45 eV above the lowest energy isomer. The spin
magnetic moments in these isomers range from 13 to 15 μB. The spin ordering is
shown in Fig. 7. The local moments on the Mn atoms in the lowest FM isomer range
from 2.4 to 3.1 μB. The magnetic anisotropy energy in this cluster is 33 K. However,
a study of the optimized spin-ordered clusters showed a ferromagnetic cluster with
magnetic moment of 1 μB is found to be lower than the ferromagnetic cluster by
0.2 eV. The physical picture of the spin ordering is shown in Fig. 6.

As@Ni7Mn5@As20

We find seven stable isomers of the As@Ni7Mn5@As20 clusters which were opti-
mized first in the ferromagnetic state (Fig. 8). The lowest energy ferromagnetic
structure has the five Mn atoms occupying adjacent positions in a pentagonal
pyramid. The energies of the other isomers are within a range of 0.04–0.87 eV. We
optimized all the possible spin ordered states of the lowest energy ferromagnetic
(FM) isomer. In total, there are 12 such distinct ferrimagnetic states. We found one
state which is lower in energy by only 0.03 eV compared to the FM state. There are
two other AFM states within 0.03 eV from the lowest energy AFM state. Thus this
cluster has several low-lying states, which differ in their structural as well as spin
configuration. The HOMO–LUMO gap of the lowest energy AFM state is 0.32 eV,

Fig. 6 All the possible combination of As@Ni8Mn4@As20 system

282 N.M.R. Hoque et al.



which has spin moment 2 μB. The D and E parameters in the lowest energy AFM
state are 6.4 and 4.7 K respectively. On the other hand, these parameters are much
smaller in the FM state with values of 0.27 and 0.1 K for the D and E respectively
(Fig. 9).

Fig. 7 Spin ordering in the lowest energy structure of As@Ni8Mn4@As20

Fig. 8 All the possible combination of As@Ni7Mn5@As20 cluster according to their energy
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As@Ni6Mn6@As20

In the parent As@Ni12@As20 system six Mn atoms are doped by replacing any six
of the 12 Ni atoms. The optimized structures of ferromagnetic As@Ni6Mn6@As20
isomers are shown in the Fig. 10.

The spin magnetic moment of these isomers varies from 15 to 21 μB in these
clusters. The lowest structure has six Mn atoms forming a pentagonal pyramid.
The MAE of the lowest energy isomer is 7 K. The binding energy of the six Mn
doped cluster increases to 5.48 eV from 4.81 eV in the parent cluster. The gap of
0.25 eV suggests the cluster to be chemically stable. The presence of six Mn atoms
in the cluster leads to 32 spin states in total. The most favorable ferromagnetic
cluster is chosen for studying different spin ordering of the Mn atoms. To reduce the
computational costs, the calculations on the anti-ferromagnetic states are first done
as single point calculations. The lowest 10 spin ordered states of the cluster are
selected and optimized in order to find the lowest energy spin-ordered clusters.

Fig. 9 Spin ordering of Mn atoms in the lowest energy structure of As@Ni7Mn5@As20 system

Fig. 10 All the possible combination of As@Ni6Mn6@As20 cluster according to their energy
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We find six AFM isomers that have lower energy compared to the ferromagnetic
case. The energetically most favorable spin ordered cluster is shown in Fig. 11.
This isomer has magnetic anisotropy energy barrier of 12.6 K. Similar to the other
clusters studied here, the As@Ni6Mn6@As20 cluster also has several closely spaced
spin states with nearly same magnetic moments. It can be mentioned here that the
bare Mn6 cluster also has a ferrimagnetic spin arrangement but the preferred
structure is octahedral with a magnetic moment of 9 μB. Experimentally determined
value of magnetic moment of the bare Mn6 cluster ranges from 2 to 4 μB at
temperature 50 K. The MAE of the bare Mn6 cluster is 0 K compared to the 12 K
of the As@Mn6Ni6@As20 cluster. The spin moment on the individual Mn ions in
As@Ni6Mn6@As20 ranges from 2–3 μB compared to the 3.7 μB in the bare Mn6
cluster. These comparisons show that the bonding of the Mn ions with the As and
Ni atoms reduces the individual spin moments. Moreover, the chemical environ-
ment around the Mn atoms is important in the determination of the anisotropy
energy.

The calculated results on the lowest energy FM and AFM states of the various
doped As@Ni12−xMnx@As20 clusters are summarized in Table 4. We find that the
doping by Mn distorts the geometry of the parent cluster but also increases the
atomization energy of the whole cluster. The atomization energy of the parent
As@Ni12@As20 cage is 4.8 eV which increases to 5.48 eV for the
As@Ni6Mn6@As20 cluster. The As–Mn bonds are shorter than the As–Ni bonds
and the overall cluster size is reduced with the dopants. The lowest energy isomers
have HOMO–LUMO gaps higher than 0.25 eV at the PBE level. The gaps also
indicate higher chemical stability of the clusters. In general our study which
included a large number of isomers indicated that the Ni12-xMnx alloy clusters
within the As20 cage exhibit a rich phase space with a large number of low-lying
spin states. This is particularly true for clusters with larger number of Mn atoms.
The clusters with ferrimagentic spin ordering are found to be more stable compared
to those with ferromagnetic ordering. It can be mentioned here that in the pure Mn

Fig. 11 Spin ordering of the
Mn atoms in the lowest
energy spin state of
As@Ni6Mn6@As20
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clusters also anti-ferromagnetic or ferrimagentic spin ordering is preferred. The spin
charges on the Mn atoms range from 2–3 μB in the alloy clusters, which are lower
than the spin charge in pure Mn clusters. The doping introduces changes in the
environment around the Mn atoms resulting in anisotropy energy.

5 Conclusions

The transition metal alloy clusters offer the possibility of tuning their magnetic
properties through size, shape, and chemical composition. The magnetic properties
show strong variation with cluster size. Reduction in size leads to enhancement of
the magnetic moments. Alloying of 3d transition metal atoms with 4d or 4d
non-magnetic metals results in larger magnetic moment for the whole cluster. The
structure of the cluster is also important in this regard. For example mixed clusters
show enhanced magnetization but similar enhancement is not seen in core-shell
structures. This field is growing and needs very systematic analysis. The large
variability of cluster shape, size, and composition presents vast potential for
development novel materials. At the same time, a large amount of effort is required
to examine all possible structures. The energetic preference of spin ordering of the
systems poses a significant challenge.

For the development of cluster-based materials, precise control over particle
growth and composition is required. The salt of As@Ni12@As20 is one example of
cluster based material with precise structure. Theoretical studies on such clusters
with various compositions can help in pinpointing the materials with novel prop-
erties, which can be targeted for synthesis. Another advantage of such materials is
the clear passivation of the surface metal atoms, which results in higher chemical
stability compared to bare gas-phase clusters. Our calculations presented here show
that doping with magnetic atoms could lead to enhanced magnetic anisotropy of
these clusters. More studies need to be done by varying the composition.

Table 4 The lowest ferro- and anti-ferromagnetic states of the Mn doped As@Ni12@As20 cluster

Systems State MAE (K) M.M (μB) H–L gap (eV) ΔE (eV)

As21Ni11Mn FM 10.4 6 0.07 0.0

As21Ni10Mn2 FM 20.4 9 0.25 0.0

AFM 0.0 1 0.23 0.12

As21Ni9Mn3 FM 37.4 12 0.33 0.15

AFM 18.6 4 0.47 0.0

As21Ni8Mn4 FM 32.8 15 0.16 0.18

AFM 0.0 1 0.45 0.0

As21Ni7Mn5 FM 17.2 14 0.22 0.03

AFM 11.0 2 0.32 0.0

As21Ni6Mn6 FM 7.1 15 0.25 0.29

AFM 12.6 5 0.32 0.0
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