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Abstract
With the goal of achieving an understanding of the properties of bimetallic alloy clusters having atoms of two
isoelectronic elements, we have studied the structural, electronic and magnetic properties of MnmTcn, MnmRen
and TimZrn clusters with m+ n = 13 (n = 0, 1, 4, 6, 9, 12, 13), using first-principles density functional
calculations. MnmTcn and MnmRen represent clusters of isoelectronic series with a half-filled d shell, while
TimZrn represents an isoelectronic cluster series of early transition metals. Mn-rich alloy clusters are found to
prefer compact structures and isoelectronic Tc-rich or Re-rich alloy clusters are found to adopt open structures. In
contrast, TimZrn clusters are all found to stabilize in compact structures, irrespective of being Ti-rich or Zr-rich.
This change in behavior between two isoelectronic series is found to be driven by differences in hybridization
effects, due to differences in the evolution of the relative energy positions of the d level with respect to the s and p
levels upon moving from 3d to 4d or 5d elements. This effect further competes with the magnetization effect to
decide the morphology of the alloy clusters. Focusing on the magnetic properties of the studied clusters, we find
that the single Tc atom substituted alloy cluster exhibits markedly improved magnetic properties compared to that
of pure Mn clusters.

1. Introduction

Studies of bimetallic nanoclusters form an active area of
research both scientifically and technologically, since through
alloying it is possible to change properties, e.g. the catalytic
activity [1–6], to change the surface plasmon band [7,
8], to control the magnetic properties [9–13] etc. The
chemical interactions between different atoms at nanometric
dimensions may lead to features which are not obtained in
single-component nanoclusters or in bulk binary alloys.

The prediction of structure and bonding of small
metal clusters, which has a direct influence on their
properties, is a challenging task. The structural stability

of metallic clusters has been argued in the past in terms
of a phenomenological shell model and the occupancy
of the electronic/geometric shells [14, 15]. Accurate
density functional theory (DFT) based quantum mechanical
calculations have shown deviations from such a simple picture
and have evolved over the years to become a popular method
for studying small to medium sized clusters, as the structural
properties of such finite sized atomic clusters are found to
depend on details such as bonding, surface structures etc,
other than the number of valence electrons of the constituents.

The literature on bimetallic alloy clusters reveals a large
volume of experimental works, where bimetallic alloy clusters
having components from the same column of the periodic
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table have been studied and their enhanced properties relative
to that of homogeneous clusters of the component elements
have been reported in many cases [16–19]. For example,
PtNi and PdNi alloy clusters have been reported to show
enhanced catalytic activities compared to pure Pt and Pd
catalysts, respectively [16, 17]. Alloying iron with ruthenium
results in a significant improvement in the stability of the
catalytic system in Fischer–Tropsch synthesis compared with
a one-component iron catalyst [20]. Furthermore, pure Au
and Ag nanoclusters are known to possess excellent catalytic
activities in CO oxidation and optical properties respectively,
while Ag–Au bimetallic nanoclusters are promising for both
enhanced catalytic and optical properties due to synergistic
effects [18]. Obviously, the simple shell model is not capable
of predicting the enhanced performance of binary systems
of isoelectronic elements because the two constituent species
have an identical valence electronic configuration. Attempts
to study the microscopic origin for such behavior in terms of
DFT or DFT-like calculations, on the other hand, are relatively
scarce. A recent work by Wang et al [21, 22] reports the effect
of isoelectronic substitution on the structure and electronic
properties of gold and boron clusters. Further theoretical study
is much needed in this direction to gain a better insight.

In the present study, instead of addressing the problem
from a general perspective, which is nontrivial in the
nanoscale for which the details matter, we have chosen
specific cases. This may add to the general understanding
of binary alloy clusters of isoelectronic compositions. In
particular, we have carried out a DFT based investigation
of the structural, electronic and magnetic properties of three
specific alloy systems—MnmTcn,MnmRen and TimZrn, each
of 13 atoms i.e. m + n = 13. This choice for the cluster
size of 13 atoms is due to the fact that it has been
found to be a magic numbered clusters for many transition
metal elements [23]. The MnmTcn and MnmRen alloy
systems form isoelectronic alloy series with the electronic
configuration νs2(ν − 1)d5, [ν = 4 (Mn), 5 (Tc) and 6
(Re)]. TimZrn systems form an isoelectronic alloy series
with the electronic configuration νs2(ν − 1)d2, ν = 4 (Ti),
5 (Zr). The constituents Mn, Tc and Re are late transition
metal atoms with half-filled d shells, while Ti and Zr are
early transition metal atoms. The nanoparticles of the early
transition metals Ti and Zr have important applications as
catalysts for hydrogen exchange in alanate and the growth of
thin-walled carbon nanotubes, respectively [24, 25]. Recently,
Mn and Re clusters have also attracted much interest for
biological water splitting in photosystem II and magnetic
targeted radiotherapy, respectively [26, 27]. The experimental
synthesis of MnmTcn systems may be challenging due to the
radioactive properties of Tc. However, the importance of Tc in
the field of nuclear waste management and nuclear medicine is
well recognized [28]. The recent first-principles calculations
also reported the formation of stable, ordered structures of
binary technetium alloys in bulk [29], justifying the relevance
of Tc-based alloy clusters.

It is interesting to note that in spite of the isoelectronic
nature, the reported structural properties of small clusters
of Mn atoms is different from that of Tc or Re. Previous

first-principles studies [30–34] indicate that the structure of
small Mnn clusters prefer a compact icosahedral (ICO) growth
pattern, while the first-principles study [35–37] of 13-atom Tc
or Re clusters, predicted an open hexagonal bi-layer (HBL)
or buckled bi-planar (BBP) structure as the global minimum
structure. Their magnetic behavior is also very different. The
pure small clusters of Mn atoms are of antiferromagnetic
character, in general, with large atom centered magnetic
moments of the order of the atomic moment, while possessing
a small net moment due to the antiferromagnetic alignment of
the atomic spins [30]. On the other hand, small clusters of
Tc or Re atoms are spin polarized, though the atom centered
magnetic moments are small compared to those of Mn atoms
in a Mnn cluster [38]. In contrast to the dissimilar structural
patterns of the Mn13 and Tc13/Re13 clusters, the structural
properties of small clusters of the isoelectronic pair Ti and Zr
are very similar. Both are weak ferromagnets and the previous
DFT calculations [35, 39, 40] predict a compact ICO structure
for Ti13 as well as Zr13 clusters. Accurate DFT calculations
are expected to provide a microscopic understanding of this
contrasting behavior between the pure extremes of the two
classes of alloy clusters and, therefore, the evolution of the
structures and properties when the two components of the pair
are mixed. To the best of our knowledge, such a study has not
been undertaken before.

We have chosen five different alloy clusters with
varying compositions between the two pure extremes of each
class, e.g. Mn12Tc,Mn9Tc4,Mn7Tc6,Mn4Tc9,MnTc12 as
the MnmTcn alloy clusters, and the similar compositions of the
MnmRen and TimZrn alloy clusters. We have first studied the
stability behavior of the pure clusters between a compact ICO
and two open-layer-like structures, HBL and BBP, in order to
gain an understanding of the contrasting trend of structural
stability between the isoelectronic half-filled d family, Mn
and Tc or Re, and that between the isoelectronic family of
early transition metals, Ti and Zr. Following this, we have
studied the structural, electronic and magnetic properties of
the five alloy clusters in the Mn–Tc, Mn–Re and Ti–Zr series.
The considered MnmTcn,MnmRen and TimZrn alloy systems
have yet to be synthesized experimentally. Our predicted
structural and magnetic properties can therefore be checked
through future experiments. Our study shows that, upon
Tc substitution, the MnmTcn alloy system can show a net
magnetic moment as large as 15µB with a gain in stabilization
of 2.5 eV for the Mn12Tc cluster compared to that of the pure
Mn13 cluster. The investigated TimZrn alloy systems, on the
other hand, are found to be of little application interest, with
a rather small variation in properties upon mixing the two
components.

The rest of the paper is organized in the following
way. Section 2 describes the details of the computational
techniques followed in the present study. Section 3 includes
results and discussions of our calculations. Section 3 is
divided into several subsections. Sections 3.1.1 and 3.1.2 deal
with the structure and stability of pure and alloy clusters,
respectively. The magnetic properties of MnmTcn clusters,
showing control of the magnetic properties of a Mn13 cluster
by substitution of Tc atoms, are discussed in section 3.2.
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Figure 1. 13-atom icosahedral, buckled bi-planar and hexagonal
bi-layer structures.

The reliability of our DFT results is also discussed in
section 3.3, including the effects beyond local and semilocal
DFT approaches. The paper ends with a summary in section 4.

2. Computational details

The calculations have been performed using DFT within
the framework of pseudo-potential plane-wave method as
implemented in the VASP code [41]. We have used the
projector augmented wave (PAW) pseudo-potentials [42, 43].
The PAW method is a frozen-core all-electron method which
combines the features of the augmented wave method and
the pseudo-potential approach. The construction of PAW
pseudo-potentials involves a fully relativistic calculation
for the core electrons and treats the valence electrons
in a scalar relativistic approximation [44] which includes
mass–velocity and Darwin terms in the relativistic kinetic
energy. The spin–orbit effects were included on top of this
in a perturbative way. The Perdew–Burke–Ernzerhof (PBE)
exchange–correlation functional [45] was chosen for the
spin-polarized generalized gradient approximation (GGA).
The 3d as well as 4s electrons for Mn and Ti atoms,
4d as well as 5s electrons for Tc and Zr atoms, and 5d
as well as 6s electrons for Re atoms were treated as the
valence electrons. The wavefunctions were expanded in the
plane-wave basis set with a kinetic energy cut-off of 280 eV.
The convergence of the energies with respect to the cut-off
value has been checked. Reciprocal space integrations were
carried out at the 0 point. For the cluster calculation, a simple
cubic super-cell was used with periodic boundary condition,
where two neighboring clusters were kept separated by around
12 Å vacuum space, which essentially makes the interaction
between cluster images negligible.

To get the optimized structural configuration for the
pure as well as the alloy systems, all possible collinear spin
alignments of the constituent atoms in the scalar relativistic
calculations have been considered. As a second step, we
randomly displaced a few atoms in the optimized structure and
re-optimized to ensure the optimized structure. We optimized
these structures again, including the effect of spin–orbit
interaction in self-consistent noncollinear calculations. The

Table 1. Total binding energy and total magnetic moment of the
optimal HBL, BBP and ICO structures of the Mn13,Tc13,Ti13,Zr13
and Re13 clusters.

Clusters

Binding energy (eV) Magnetic moment (µB)

HBL BBP ICO HBL BBP ICO

Mn13 26.80 27.13 28.25 3.97 1.29 3.00
Tc13 62.52 61.06 58.82 1.02 1.00 12.90
Re13 70.44 68.41 65.44 3.22 5.30 4.76

Ti13 46.00 46.31 48.65 2.00 2.00 6.00
Zr13 57.31 58.14 60.14 2.00 2.00 6.00

lowest energy configuration among them all is considered as
the most stable structure for a given system. We first studied
the relative stability of the pure systems, considering three
different structures, ICO, BBP as well as HBL. The atomic
arrangements of the ICO, BBP and HBL structures of 13-atom
clusters are shown in figure 1. The compact ICO structure of
13 atoms, belonging to the five-fold Ih symmetry, consists of
two pentagonal rings connected through a central atom and
capped with other two apex atoms. The BBP structure of
13 atoms, which is more open, consists of two fragments of
close packed layers, arranged in a closely packed stacking and
slightly distorted at the edges. This structure has two-fold C2v
point group symmetry. The open HBL structure of 13 atoms,
consists of two planes (containing 7 atoms in the hexagonal
plane and 6 atoms in a triangular plane). This structure has
three-fold C3v point group symmetry. For the alloy clusters,
the atoms are replaced in all possible sites of the three studied
structures, in the sense that all possible configurations (the
homotops) with respect to the various possible distributions
of the two species of atoms have been considered as initial
geometries in the optimization process.

3. Results and discussions

3.1. Structure and stability analysis

3.1.1. Pure clusters. In order to study the relative stability
among the three studied geometries, ICO, HBL and BBP, we
calculated the binding energy of the optimized structure of
each pure cluster as EB(X13) = [13E(X) − E(X13)], where
E(X) and E(X13) are the total energy of an isolated X atom
and that of a X13 cluster respectively, and X = Mn,
Tc, Re, Ti, Zr. Following the definition, a positive sign in
EB corresponds to binding. Table 1 shows the total binding
energy and the total magnetic moment of the optimized
HBL, BBP and ICO structures for Mn13,Tc13,Re13,Ti13 and
Zr13 clusters. Our results, as presented in table 1, reconfirm
the previously reported theoretical results—both the Ti and
Zr pure clusters, which are early transition metals of d2

configuration, like to stabilize in the compact ICO structure,
while the clusters of the late transition metals of half-filled
d5 configuration, Mn and Tc or Re, stabilize in two different
structures, with Mn13 adopting the compact ICO structure and
Tc13/Re13 adopting the open HBL structure. Among the two
considered open structures, the HBL structure for Tc13 and
Re13 is found to be stabler compared to the BBP structure, in
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Figure 2. s, p and d projected DOS of the most stable structures of
the Mn13,Tc13,Re13 as well as Ti13 and Zr13 clusters. The smearing
width is fixed at 0.1 eV. The zero of energy is fixed at the Fermi
energy of the respective system.

agreement with earlier results [35, 36]. The calculated total
magnetic moments of the optimized geometries of all the
five pure clusters are also in accordance with the previous
results [30, 35, 46].

In order to understand the preference of a compact ICO
structure for the pure Mn13,Ti13 and Zr13 clusters, and an
open HBL structure for the pure Tc13 and Re13 clusters,
we plotted in figure 2 the s, p and d projected density of
states (DOS) of the most stable structure of all the five pure
clusters, which is HBL for Tc13 and Re13 and ICO for the rest.
Concentrating on the pure clusters of d5 elements, namely
Mn13,Tc13 and Re13 clusters, we find that the d band width
for the optimal Tc13 and Re13 cluster is much wider compared
to that of the optimal Mn13 cluster. The wider band widths
for the pure Tc and Re clusters originate from the enhanced
mixing of s and d states compared to that in the Mn cluster,
as is evident from the plots. This mixing, in turn, gives rise
to the localized character of Mn 3d electrons compared to
the delocalized character of the Tc 4d and Re 5d electrons.
The localized nature of d electrons favors magnetism, while
the delocalized character of d electrons disfavors magnetism.
This is reflected in the magnetic moments associated with
Mn atoms in the optimal Mn13 cluster and Tc and Re atoms
in the optimal Tc13 and Re13 clusters, respectively, with
an average value of 3.34 µB/atom for Mn, 0.11 µB/atom
for Tc and 0.25 µB/atom for Re. Turning our attention to
the other two pure clusters of d2 elements, namely Ti13
and Zr13, we find from figure 2, first of all, in addition to
d and s projected DOS, there is a significant contribution
from the p states of the constituent atoms and, therefore, its
influence on cluster morphology needs to be investigated.
The second interesting aspect is that the band widths of Ti
and Zr are nearly comparable, unlike Mn and Tc or Re.
The extent of localization/delocalization of d electrons is
thus comparable between Ti13 and Zr13, supported by similar

Table 2. Hybridization index (see text for definition) and magnetic
energy of the optimal HBL, BBP and ICO structures of the
Mn13,Tc13,Ti13,Zr13 and Re13 clusters.

Clusters

Hybridization index Magnetic energy (eV)

HBL BBP ICO HBL BBP ICO

Mn13 1.21 1.22 1.07 12.08 13.16 15.62
Tc13 2.61 2.70 2.36 0.49 0.42 0.87
Re13 2.34 2.36 2.35 4.37 4.61 4.70

Ti13 1.64 1.66 1.55 0.60 0.61 0.85
Zr13 1.58 1.58 1.39 0.58 0.57 0.78

values of the average magnetic moments associated with Ti
and Zr (≈0.4 µB/atom).

To determine the orbital hybridization quantitatively, we
calculated the kl hybridization index, defined for a 13-atom
cluster as [37, 47–49],

hkl =

13∑
I=1

occ∑
i=1

w(I)i,kw(I)i,l

where k and l are orbital indices—s, p and d, wI
i,k (w

I
i,l)

is the projection of ith Kohn–Sham orbital onto the k (l)
spherical harmonic centered at atom I, integrated over a
sphere of specified radius. The spin index is implicit in the
summation. Table 2 lists the calculated hybridization index,
h = hsp + hsd + hpd, for Mn, Tc, Ti, Zr and Re clusters in
optimal ICO, BBP and HBL structures. We notice that the
hybridization index, in general, is larger for open structures
such as HBL or BBP as compared to that of the compact
structure ICO. So, from a purely hybridization point of view
the open structure would be favored for all the elemental
clusters considered here. Comparing the hybridization indices
within the same isoelectronic series, Mn, Tc and Re, we
find that the hybridization index is much larger for Tc or
Re clusters, which are in the 4d or 5d series, compared
to that of Mn, which is in 3d series, irrespective of the
assumed geometry. This is, however, not the case for the
other isoelectronic pair, Ti and Zr, for which the hybridization
indices are comparable, as anticipated from the band widths
of the DOS.

In order to gain an understanding of this contrasting trend
between Mn13 and Tc13 or Re13, versus that between Ti13
and Zr13, we studied the s, p and d energy level positions of
the constituent atoms, as obtained within the spin-polarized
calculation. Figure 3 shows the calculated energy levels of
the constituent atoms with respect to the Fermi energy, set
in between their respective highest occupied level and lowest
unoccupied level, which is well studied in the literature [50,
51]. The highest occupied level of Mn and Ti is 4s in down
spin and those of Tc, Zr and Re are 5s, 5s and 6s in down spin,
respectively. The occupied d levels in the up spin channel are
below the s level for Mn, Tc and Ti, while it is the other way
round for Zr and Re. Comparing the energy level separations
between occupied d levels with those of s and p levels in
the same spin channel, we find that the p–d separation is
rather large for the Mn–Tc–Re series, of the order of 7–5 eV,
and therefore p–d hybridization is expected to be small. The
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Figure 3. Spin polarized Kohn–Sham eigenenergies of the
constituent Mn, Tc and Re atoms (left panels) as well as Ti and Zr
atoms (right panels). The energy values are with respect to the
Fermi level (the horizontal broken line fixed at zero) of the
respective system.

s–d separation changes drastically from Mn to Tc and Re,
which is the key factor in enhancing the hybridization index
significantly between Mn and Tc or Re. In the case of Ti and
Zr, on the other hand, the s–d separation as well as the p–d
separation changes very little between the 3d element, Ti, and
the 4d element, Zr, both being early transition metals. This
justifies the similar values of hybridization index between Ti
and Zr, and rather different values for Mn and Tc or Re.

As discussed, the hybridization energy gain prefers an
open structure such as BBP or HBL over ICO for all the
studied elemental clusters. Such a correlation between the
hybridization index and open structure has also been reported
previously [52]. Therefore, the reason that only Tc and Re
stabilize in the open HBL structure, and others (Mn, Ti, Zr)
stabilize in the ICO structure, is due to some other competing
effect. As discovered in earlier studies [49], magnetism is
another key ingredient in deciding stabilization into a compact
versus an open structure. To quantify the possible effect of
magnetism, we calculated the magnetic energy (Em), defined
as the energy difference between the spin-polarized and non-
spin-polarized calculations, for the optimized structure [49,
53]. The results for Mn13,Tc13,Re13,Ti13 and Zr13 clusters
in the optimized HBL, BBP and ICO structures are listed in
table 2. The magnetic energy gain turns out to be greater for
the compact geometry of ICO compared to open geometries
such as HBL or BBP. The magnetic energy gain is found to be
largest for Mn13, with the largest average magnetic moment
of 3.34 µB/atom, having the half-filled, localized d electrons.
The gain in magnetic energy for the compact structure is able
to overcome the gain in hybridization energy in favor of open
structures, for Mn13,Ti13 and Zr13. However, it fails to do so

for Tc13 and Re13, for which the hybridization energy gain is
overwhelmingly large.

The change in cluster morphology between Mn and Tc
or Re is therefore driven by the large enhancement of the
hybridization energy due to movement of the s level with
respect to the d level. This effect is reduced substantially
for the early transition metals, Ti to Zr, for which the level
separation does not change much, leading to the situation
where the compact ICO geometry is sustained for both Ti(3d)
and Zr(4d).

3.1.2. Alloy clusters. Having understood the relative
stability between a compact as well as two open structures
of the pure extremes in each of the two isoelectronic series,
we moved on to the study of Mn–Tc, Ti–Zr and Mn–Re alloy
clusters. Among the five studied alloy compositions in each
class, note that three are rich with 3d atoms (Mn or Ti) and
two are rich with 4d or 5d atoms (Tc or Zr or Re).

An understanding of the physical and chemical properties
of clusters relies on the accurate determination of their
equilibrium structure. The situation for the alloy clusters
is quite complex due to presence of homotops (systems
having the same structure and composition, but differing
in the arrangement of the different species of atoms [54,
55]). Figure 4 shows the most stable configuration for the
MnmTcn,TimZrn and MnmRen clusters. It is found that the
Mn-rich MnmTcn or MnmRen alloy clusters mostly stabilize in
distorted ICO structure, while the Tc-rich or Re-rich clusters
stabilize in the open HBL-like structure. Interestingly, all the
TimZrn alloy clusters continue to stabilize in the compact ICO
structure.

In order to have a quantitative measure of the geometry
of the optimized structure of the alloy clusters, we calculated
the average effective coordination number (ECN) of the most
stable structures. We used the exponential averaging weight
function [35, 56] to calculate the ECN in order to take into
account the different contributions of the surrounding atoms
at different distances. The effective coordination of the i-atom
in the cluster structure is calculated as

(ECN)i =
∑

j

exp

[
1−

(
dij

di
av

)6
]

where dij is the distance between atom i and j, while di
av is

defined as

di
av =

∑
j dij exp[1− ( dij

di
av
)6]∑

j exp[1− ( dij

di
av
)6]

.

dij is obtained recursively, such that
∣∣di

av(new)− di
av(old)

∣∣ <
0.0001. The smallest bond length between atom i and all the j
atoms was used as the initial value for dav. The average ECN
and dav for a given structure are then obtained as 〈ECN〉 =
1

13

∑13
i=1(ECN)i and dav =

1
13

∑13
i=1di

av. The calculated values
of 〈ECN〉 for the most stable structures are plotted in figure 5.
Focusing on Mn–Tc or Mn–Re alloy clusters, it is seen
that the 〈ECN〉 of the optimized cluster structures decreases
with increasing Tc or Re content, which clearly indicates
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Figure 4. The most stable structures of the TimZrn (top panel), MnmTcn (middle panel) and MnmRen (bottom panel) clusters
(m+ n = 13; n = 0, 1, 4, 6, 9, 12, 13). The red (darker gray) and cyan (light gray) colored balls in the Ti–Zr series, represent Ti and Zr
atoms, respectively. The blue (dark gray), yellow (light gray) and gray colored balls represent Mn, Tc and Re atoms, respectively.

Figure 5. Plot of the averaged effective coordination numbers,
〈ECN〉, of the most stable structures of the MnmTcn (empty squares
connected with solid line), MnmRen (empty circles connected with
solid line) and TimZrn clusters (empty triangles connected with
dashed line) against the number of the Y atoms in the XmYn
clusters. The same convention for the legends is followed in the
following plots wherever applicable.

the increasing openness of the Tc-rich or Re-rich clusters
compared to the compact icosahedral Mn13 cluster. We find
a sharp jump in the values of 〈ECN〉 upon moving from the
Mn7Tc6 to the Mn4Tc9 cluster, which indicates the crossover
from the compact geometry to the open geometry. This is
also evident from the pictures of the optimal cluster structures
presented in figure 4. While the structure of the Mn13 cluster
is close to a compact structure of ideal icosahedral symmetry,
the optimal structures for the Mn12Tc, Mn9Tc4 and Mn7Tc6
clusters can be described as a distorted icosahedral geometry,
with the level of distortion increasing with increasing content
of Tc. Upon reaching the Mn4Tc9 cluster, there is a sharp

Figure 6. Variation of total binding energies (left panel) and total
magnetic moments (right panel) of the most stable structure of
MnmTcn,MnmRen and TimZrn clusters against the number of the Y
atoms in the XmYn clusters.

change in the geometry, as it is now of HBL type with 〈ECN〉
close to 5.25. A very similar behavior is also observed for the
Mn–Re alloy clusters. On the other hand, the values of 〈ECN〉
for the optimized TimZrn clusters always remain close to the
value of its ideal ICO structure.

We defined the binding energy for each alloy cluster as,
EB(XmYn) = [mE(X)+nE(Y)−E(XmYn)], where E(XmYn)

is the total energy of an XmYn alloy cluster. Our calculated
binding energy and the total magnetic moment of the most
stable geometry and spin configuration of Mn–Tc, Ti–Zr and
Mn–Re alloy clusters are shown in figure 6. The binding
energies of the optimized structures of the clusters are found
to increase monotonically with increasing concentrations of
the 4d or 5d atoms in the alloy clusters. The rate of increase of
the binding energies of the MnmTcn or MnmRen alloy clusters
with increasing Tc or Re concentrations is faster than that of
the TimZrn clusters with increasing Zr concentrations. This is
driven by the fact that the binding energy of the Mn–Mn dimer
is much weaker than those of Tc–Tc, Re–Re, Ti–Ti and Zr–Zr
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Figure 7. Contour plot corresponding to the charge density of the optimized structures of the Ti2, TiZr and Zr2 dimers (left panel), Mn2,
MnTc and Tc2 dimers (middle panel) and Mn2, MnRe and Re2 dimers (right panel). The isovalue was fixed at 0.001 e− Å

−3
. The numbers

within the parentheses represent the calculated binding energy and total magnetic moment of the optimized dimers. The calculated
equilibrium bond lengths of the dimers (in unit of Å) are also shown.

dimers. Mn, is special in that respect [57]. Figure 7 shows the
charge density plot of the optimized structure of each dimer.
Their binding energies, magnetic moments and bond lengths
are also mentioned. It is seen that the charge around Mn atoms
in the Mn2 dimer is localized at the atom centers, while it is
mostly delocalized in the Tc2 and Re2 dimers and form strong
covalent bond. For the Mn–Tc or Mn–Re dimer, the degree of
hybridization is intermediate between those of the two pure
dimers. Unlike the Mn2 dimer, the Ti–Ti dimer shows the
formation of a strong covalent bond, whose strength increases
slightly on moving to the Zr–Zr dimer, but not as much as
Mn–Mn to Tc–Tc or Re–Re. This justifies the rapid increase
of binding energy of MnmTcn or MnmRen alloy clusters with
increasing Tc or Re concentrations, and the milder increase in
the case of TimZrn clusters with increasing Zr concentrations.
The higher stability of the Ti13 cluster compared to the Mn13
cluster is in accordance with the previous result [35].

Moving on to the total magnetic moment of the alloy
structures, as shown in the right panel figure 6, it is found
to be nearly constant within TimZrn clusters with varying Zr
composition. For MnmTcn or MnmRen, on the other hand, it
shows a rapid decrease due to a significant drop of magnetic
moments at Tc or Re sites, compared to that at Mn sites. The
sharp drop of the total magnetic moment of the pure Mn13
cluster compared to that of MnmTcn or MnmRen clusters is
driven by the anti-parallel alignment of spins for the pure Mn
cluster.

Figure 8 shows the plot of the hybridization index and the
magnetic energy for alloy clusters in the Mn–Tc, Mn–Re and

Figure 8. Variation of hybridization index (left panel) and magnetic
energy (right panel) within the MnmTcn,MnmRen and TimZrn series.

Ti–Zr series. The rather large variation in both hybridization
as well magnetic energy is evident for the Mn–Tc and Mn–Re
series, it being much milder for the Ti–Zr series. This is driven
by the pronounced change in the nature of the d states in the
half-filled late transition metal series, from 3d to 4d or 5d, and
its mild variation for the early transition metal series.

Further, to visualize the evolution of the localization
properties among the half-filled transition metal series, we
calculated the electron localization function (ELF) [58, 59]
for Mn–Tc clusters. The two-dimensional plots of ELFs for
seven Mn–Tc alloy systems are shown in figure 9. The ELF
values are encoded by colors. By construction, the ELF can
adopt values in the interval [0, 1], with 1 representing perfect
localization of valence electron, the value for uniform electron
gas being 1/2. The large values of the ELF (≥0.8) in figure 9
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Figure 9. 2D plots of the ELF for the optimized structure of (a) Mn13, (b) Mn12Tc, (c) Mn9Tc4, (d) Mn7Tc6, (e) Mn4Tc9 and (f) MnTc12
and (g) Tc13 clusters. The ELF values are encoded by colors. The depicted planes correspond to one which accommodates the maximum
number of atoms for the respective structure.

represent the area where a significant localization of valence
charge occurs. In moving from the ELF plots for Mn13 (panel
(a)) to Mn7Tc6 (panel (d)), viewed along the apical direction
of the ICO or distorted ICO geometry, we find that the
nature of electron localization changes. In moving to Tc-rich
clusters, the geometry changes drastically (cf figures 4 and 5)
and the increase of delocalization becomes apparent.

3.2. Tuning the magnetic properties of the Mn13 cluster by Tc
substitution

The atom centered individual magnetic moment of the Mn13
cluster is rather high (3.34 µB). The total magnetic moment,
however, is small due to anti-parallel alignment of the spins.
There exists, therefore, a significant effort [60, 10] to turn the
anti-parallel alignment of the spins into a parallel alignment,
thereby resulting in a giant magnetic moment.

From figure 6, we find that the optimized structures of
the MnmTcn and MnmRen cluster series exhibit rather non-
monotonic behavior in terms of the net magnetic moments
of the clusters. This arises due to two reasons—firstly, the
reduction of the magnetic moments at the individual sites of
the cluster upon replacing Mn by Tc or Re, and secondly,
the change of relative alignment of the spins at various sites.
Comparing the Mn–Tc and Mn–Re series, we find that highest
value of the total moment is achieved for the Mn–Tc series.
In the following, we therefore, focus on the Mn–Tc series,
which may be of technological importance to achieve a large
magnetic moment in Mn clusters through Tc substitution. As
mentioned in the Introduction, this is promising given the
first-principles prediction of the formation of stable, ordered
structures of binary technetium alloys in the bulk [29].

For the Mn12Tc alloy cluster, showing a substantially
large magnetic moment of 15 µB, we find that with a Tc
atom occupying the central position in the optimal Mn12Tc

cluster of icosahedral shape, the surface Mn spins mostly
align in parallel, thereby increasing the net magnetic moment
to a value of 15 µB compared to 3 µB in the case of an
optimal pure Mn13 cluster, as shown in figure 10. Therefore,
single Tc atom doping would be a viable route to engineer the
magnetic properties of the Mn13 cluster, providing control of
magnetism through alloying in the direction of our previous
work [10]. Upon increasing the Tc content further, the net
magnetic moments, however, show a decreasing trend from
15 to 10.3 µB for Mn9Tc4 to 5.03 µB for Mn7Tc6 to 4.98 µB
for Mn4Tc9 to 1.33 µB for MnTc12, due to the significantly
small magnetic moments at Tc sites. From the viewpoint of
manipulation of the net magnetic moment, single Tc atom
substitution in the Mn13 cluster, therefore, seems to be the
most promising route.

Finally, the effect of noncollinearity in Mn clusters has
been discussed in the literature due to competing magnetic
interactions as well as due to the presence of finite spin–orbit
(SO) coupling. As mentioned before, in our calculations we
have allowed for the noncollinearity in the pure as well as
alloy clusters. We find the effect of noncollinearity is in
general small, except for the case of Mn9Tc4 and Mn7Tc6, as
shown in figure 10, which shows the plot of x, y, z components
of the magnetic moments for all the atomic sites in the optimal
structure of the MnmTcn clusters. We found a tiny orbital
magnetic moment (≈0.013 µB/atom only) in the case of each
Tc-rich MnmTcn alloy cluster.

3.3. Going beyond GGA

As DFT formalism within the framework of the local
density approximation (LDA) or GGA are associated with
well-known deficiencies such as over-binding effects and
band gap underestimations due to self-interaction error,
several approaches have been developed to overcome
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Figure 10. x, y and z components (from left to right) of atom centered magnetic moments in the optimized structure of MnmTcn clusters.
The blue (dark gray) colored bars correspond to magnetic moments for Mn atoms and orange colored (light gray) bars for those of the Tc
atoms. For the Tc13 cluster, Tc atoms centered magnetic moments are very small and most of them show negligible values within the range
of our plot. The numbering of the atoms as well as the direction (by red arrows) of the magnetic moments at each atomic site are as shown
in the right-hand panel, for each alloy system. The colors of the atoms are the same as in figure 4.

Table 3. Relative total binding energy, 1EB (ICO–HBL), total magnetic moment (M), hybridization index (h) and magnetic energy, Em of
the optimized ICO and HBL structures of the pure clusters in hybrid functional calculations.

Clusters 1EB (ICO–HBL) eV M (µB) h Em (eV)

Mn13 ICO 0.00 7.0 0.64 52.28
Mn13 HBL −0.98 5.0 0.73 52.01

Tc13 ICO 0.00 13.0 2.47 0.96
Tc13 HBL 2.23 3.0 2.82 0.51

Re13 ICO 0.00 5.0 2.15 5.26

Re13 HBL 5.74 5.0 2.45 4.91
Ti13 ICO 0.00 6.0 1.67 2.06
Ti13 HBL −2.89 2.0 1.80 1.01

Zr13 ICO 0.00 6.0 1.60 0.96
Zr13 HBL −3.36 2.0 1.71 0.33

their limitations. These, for example, include resorting
to wavefunction based methods utilizing the complete
active space[61], quantum Monte Carlo [62], or dynamical
mean-field theory [63]. In the context of bulk transition
metal alloys, the necessity to go beyond the one-electron
approximation has been discussed in the literature [64–66].
However, such methods are either restricted to small system

sizes or bulk materials with translational symmetry. A
viable route to deal with transition metal based clusters of
medium size may be the use of a hybrid-DFT functional,
which mixes 25% of the exact nonlocal exchange of
Hartree–Fock theory with the PBE functional. In order to
check the validity of our GGA-PBE results discussed so
far, we considered the pure clusters, Mn13,Tc13,Re13,Ti13
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and Zr13, and studied the relative stability, magnetic
moments and hybridization versus magnetization interplay.
We used the Heyd–Scuseria–Ernzerhof (HSE) screened
hybrid functional [67] in these calculations. Our calculated
relative total binding energy between a optimized ICO and
HBL structures, total magnetic moment, hybridization index
and magnetic energy for each pure system, are given in table 3.
As can be seen, the trend in relative stability between the
open versus closed structure and the underlying interplay
between two competing effects, namely magnetization and
hybridization, persist as found in the case of PBE calculations.
For some systems such as the Mn13 cluster, the total
magnetic moment increases for both the optimal ICO and
HBL structures, leading to a substantial enhancement of
magnetic energy. The lowest energy magnetic structures of
the Mn13 cluster, as predicted by HSE calculations, were
the closely lying isomers of the optimized structure in the
PBE calculation. This enhancement in magnetic moment has
been attributed to the enhancement of localization of the
d states [52]. Therefore, although the quantitative numbers
change, the overall trend is found to be the same for all studied
elements, which, in turn, provides confidence in our DFT-PBE
predicted structures.

4. Summary and conclusions

We studied the structural, electronic and magnetic properties
of 13-atom mixed as well as pure Mn–Tc, Mn–Re and
Ti–Zr clusters formed out of isoelectronic components from
the 3d transition metal series and the 4d or 5d transition
metal series. We found the stabilization of Mn-rich clusters
in compact geometries and the stabilization of Tc-rich and
Re-rich clusters in open geometries, indicating a change in
the nature of cluster morphology in moving from 3d to 4d
or 5d elements of the half-filled d-shell transition metals. In
contrast, the Ti–Zr clusters are found to form in compact ICO
geometries, for all the compositions, indicating the behavior
of early transition metal 3d–4d clusters to be different from
that of half-filled d-shell transition metal 3d–4d or 3d–5d
clusters, at least for the studied cases. We further found that
alloying the Mn13 cluster, in terms of single atom substitution
by a Tc atom, can significantly improve its magnetic property
in terms of a substantial increase of the total magnetic
moment.
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