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a b s t r a c t

In this work we have studied the structural and magnetic properties of Ni13 cluster mono- and bi-doped
with Mn atoms. We have noted their tendency of being reactive toward the H2 molecule. We have found
unusually enhanced stability in the mono-doped cluster (i.e. of the Ni12Mn) and the diminished stability
of the corresponding chemisorbed cluster, Ni12MnH2. Our analysis of the stability and HOMO–LUMO gap
explains this unusual behavior. Interestingly, we have also seen the quenching in the net magnetic
moment upon H2 absorption in the doped Ni13−mMnm alloy clusters. This has been reported earlier for
smaller Nin clusters [1].
1. Introduction

Finite sized small atomic clusters of transition metal elements have
attracted much interest due to their enhanced magnetic moments and
chemical reactivity compared to their bulk counterparts. This enhance-
ment is attributed primarily to their large surface-to-volume ratios and
the presence of a large number of lower coordinated surface atoms. It
is therefore, expected that a large change in the overall cluster
magnetic moments may be expected upon chemisorption of a
molecular species. Recently, a considerable effort has been devoted
in exploring the effect of chemisorption on the magnetic properties of
atomically engineered cluster materials [1–6]. Knickelbein et al. [2]
studied the effect of hydrogen chemisorption on the magnetic
moments of Fen clusters containing 10–25 atoms in a molecular beam
experiment. They found an enhancement in magnetic moments of the
hydrogen saturated Fen clusters compared to that of the respective
parent clusters, unlike the case of larger nanoparticles and thin films
where the hydrogen absorption quenches the magnetic moment [3].
Using first principles electronic structure calculations Ge et al. [4]
studied the magnetic properties of Run as well as RunH2 clusters and
predicted an oscillatory behavior in the magnetic moments. Nayak
et al. [5] predicted that the magnetism of Rh clusters can be altered
either by modifying their structure upon H2 chemisorption or by
depositing them on a suitable substrate. On the other hand, a
quenching effect of magnetization upon hydrogen chemisorption is
reported previously for small, super-paramagnetic Nin clusters in both
experimental [6] and theoretical [1] works.
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Doping is a traditional approach of engineering the magnetic
properties. The role of manganese as a dopant has been well
studied in the literature [7–11]. In this paper, we shall study the
effect of Mn doping on the magnetism of Ni clusters and
chemisorption of hydrogen on these Mn-doped Ni-clusters. As
the 13-atom cluster appears to be the first geometric magic size for
most transition metal clusters, we shall focus on this cluster size.
We shall first examine the lowest energy structures and magnet-
ism in Ni13 clusters mono- and bi-doped with Mn atoms. In the
process of doping, the dopant atom substitutionally replaces a Ni
atom. We find that the doped clusters are unusually reactive
toward the H2 molecule. Our aim here, therefore, would be to
study the electronic structure of such doped clusters and try to
explain their properties from the first-principles microscopic
viewpoint.
2. Computational details

Our calculations have been performed using a formalism based
on the density functional theory, with a plane wave pseudo-
potential method as implemented in the Vienna ab initio simula-
tion package [12]. As we were dealing with transition metals, we
have used the projector augmented wave pseudo-potentials
[13,14] and the Perdew-Burke-Ernzerhof exchange–correlation
functional [15] for a spin-polarized generalized gradient approx-
imation approach. The wave functions were expanded in the plane
wave basis set with the kinetic energy cut-off of 270 eV and
reciprocal space integrations were carried out at the Γ point.
Symmetry unrestricted geometry optimization has been per-
formed using the conjugate gradient and the quasi-Newtonian
methods until the force components of all the atoms became less
than a threshold value of 0.005 eV/Å. We have optimized the

www.elsevier.com/locate/physb
www.elsevier.com/locate/physb
http://dx.doi.org/10.1016/j.physb.2013.03.027
http://dx.doi.org/10.1016/j.physb.2013.03.027
http://dx.doi.org/10.1016/j.physb.2013.03.027
mailto:abhijit.mookerjee61@gmail.com
mailto:abhijit@bose.res.in
mailto:abhijit@bose.res.in
http://dx.doi.org/10.1016/j.physb.2013.03.027


Fig
str
int
structures for all the spin multiplicities under the approximation
of collinear atomic spins arrangement to determine the magnetic
moment of the minimum energy structure. Simple cubic super-
cells were used with the periodic boundary conditions, where two
neighboring clusters were kept separated by at least 16 Å vacuum
space to make the interaction between the cluster images
negligible.

We define the binding energy EB of NinMnm (m¼0,1,2) clusters
with respect to the free atoms as

EBðNinMnmÞ ¼mEðMnÞ þ nEðNiÞ−EðNinMnmÞ ð1Þ
where EðNinMnmÞ, E(Ni) and E(Mn) are the total energies of
NinMnm cluster, an isolated Ni atom and an isolated Mn atom,
respectively. According to our definition, the binding energy of a
stable cluster is a positive quantity and hence, more positive
binding energy indicates higher stability.

The chemisorption energy is defined as

ECAðNi13−nMnnH2Þ ¼ EðNi13−nMnnÞ þ EðH2Þ−EðNi13−nMnnH2Þ ð2Þ
Fig. 2. MES of the Ni12Mn and Ni11Mn2 clusters. The total magnetic moment and
relative total binding energy of the MESs of each cluster with respect to that of the
optimal icosahedral structure of pure Ni13 clusters are also indicated. The blue
(gray) colored balls correspond to Ni atoms and orange (lighter) colored balls to Mn
atoms. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 3. Plot of binding energy and magnetic moment of the MES of Ni13−mMnm

(m¼0–2) clusters. Circles correspond to binding energy and squares for magnetic
moment.
3. Results and discussions

3.1. Structure and stability analysis

In order to determine the minimum energy structure (MES) of
the pristine Ni13 cluster, we considered the structures of three
different symmetries, namely icosahedral (ICOSA), buckled bi-
planer (BBP) and hexagonal close packed (HCP) as the initial
guesses. Although, this particular set of atomic configurations is
limited, it contains all representative structures obtained for most
of the 13 atom clusters of 3d elements. We then optimized each of
these three structures for all possible collinear configurations of
atomic spins. Fig. 1 shows the optimized structures of these three
symmetries for the Ni13 cluster. The magnetic moments and the
relative total energies of the corresponding structures have also
been indicated. Our calculation shows that the icosahedral struc-
ture is the ground state configuration with a total magnetic
moment of 8μB, in agreement with the previous results [17]. The
microscopic origin of preference of this compact structure for
pristine Ni-clusters has been discussed in our previous work [18].

Since the icosahedral geometry is the ground state structure,
we have taken it to be the starting geometry to determine the MES
for the mono- and bi-doped Ni13 clusters. Depending upon the
positions of the dopant atoms, different homotops are possible, as
discussed in our earlier work [16]. We have considered all the
possible homotops for the two doped clusters. For the mono-
doped cluster, we found that the structure with the central Ni
ICOSA ; 0.0 eV ; 8µB BBP ; 0.63 eV ;

. 1. Optimized (a) icosahedral (b) BBP and (c) HCP symmetry based structures of pure Ni13
ucture (in eV) and the total magnetic moment (in Bohr magnetons) are also indicated
erpretation of the references to color in this figure legend, the reader is referred to the
atom substituted by Mn is energetically the most preferred. This is
in comparison with Mn substituting a surface Ni atom. On the
other hand, in case of the MES of bi-doped cluster, one Mn atom
substitutes Ni at the central site while the other Mn atom
substitutes a Ni atom on the surface at a capping site. This is in
comparison to both Mn atoms sitting on the surface. Fig. 2 shows
the ground state structure of the two doped clusters.

In order to study the stability of the Ni13−mMnm clusters, we
have calculated the binding energies of their MES using Eq. (1).
Our result has been plotted in Fig. 3. It is interesting to note that
the stability upon mono-doping is higher as compared to the
pristine and bi-doped clusters. The binding energy of the bi-doped
cluster is actually lower compared to pristine Ni13. Another
 8µB HCP ; 0.85 eV ; 8µB

clusters. The relative total energy with respect to that of the optimal icosahedral
for each structure. The (blue) gray colored balls correspond to Ni atoms. (For
web version of this article.)
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Fig. 5. Individual atom centered magnetic moments of the MES of the Ni13 cluster
(red colored leftmost bars), Ni12Mn cluster (green colored central bars) and
Ni11Mn2 cluster (blue colored rightmost bars). Atoms have been numbered 1–13.
The replacement of Ni by Mn takes place at an outer atom 12 and an inner atom 13.
The insets show the spin density of the MES of each cluster. The isovalue for spin
density is fixed at 0.65 e−/Å3. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
interesting point is that the magnetic moments of the MESs
increase with the increasing Mn concentration. We shall attempt
to answer why this should be.

To do this, we have studied the stability and magnetic moments
of the Ni2, NiMn, Mn2 dimers. It is seen that the Ni2 dimer has the
highest stability, while the Mn2 dimer has the least. It is well
known that the weak stability of the Mn2 dimer is related to the
Van der waal interaction [19]. Also note that all the dimers are
ferromagnetic. The icosahedral structure of the Ni13 cluster has 42
Ni–Ni “dimers” (bonds), while the Ni11Mn2 cluster has 25 Ni–Ni
“dimers”, 16 Ni–Mn “dimers” and 1 Mn–Mn dimer. Simply adding
up the dimer binding energies, we get 60.06 eV for the pristine
and 57.07 eV for the bi-doped Ni clusters. Therefore, the decreas-
ing binding energy of the Ni11Mn2 cluster compared to the pristine
Ni13 cluster is understandable from the trend in dimer stability.
Such a simple argument fails for the mono-doped cluster. This
observation is in accord with previous work on V-dopings in Co13
cluster [16] (Table 1).

To understand the unusual stability of the Ni12Mn cluster, we
have also investigated the trend in the HOMO–LUMO spin-gaps for
the MES of all the clusters. The systems being magnetic, we have
calculated two gaps δ1 and δ2, as defined in our earlier work [16],
for the MES. Our calculated values are shown in Table 2. It is seen
that the Ni12Mn cluster has the highest values of δ's which implies
its enhanced stability.

As molecular orbitals strongly affect the electronic as well as
magnetic properties of clusters and their character is affected by
doping too, we have further analyzed the HOMO and LUMO charge
density of the MES of each cluster. Fig. 4 shows the plot of the
HOMO and LUMO charge densities. It clearly indicates that all the
HOMO and LUMO states have evident d-orbital character of Ni
atoms. Again, the Ni12Mn cluster has the most uniform distribu-
tion of electron density of d-states on the surface Ni atoms. It also
favors the highest stability of the Ni12Mn cluster.
Table 1
Binding energies, magnetic moments and bond lengths of Ni2, NiMn and Mn2

dimers in the present calculation. For comparison, we have also listed the available
corresponding values as reported earlier.

Cluster composition Binding energy
(eV)

Magnetic
moments ðμBÞ

Bond length (Å)

Present Previous Present Previous Present Previous

Ni2 1.43 1.31 [20] 2.0 2.0 2.09 2.08 [20]
NiMn 1.30 – 5.0 – 2.05 –

Mn2 0.52 0.5 [20] 10.0 10.0 2.58 2.60 [21]

Table 2
Values of the spin gaps ðδ1; δ2Þ of MES of Ni13, Ni12Mn and Ni11Mn2 clusters.

Cluster
composition

δ1 δ2 Cluster
composition

δ1 δ2 Cluster
composition

δ1 δ2

Ni13 0.48 0.50 Ni12Mn 0.51 0.81 Ni11Mn2 0.37 0.41

Ni13

HOMOHOMO LOMU

N

Fig. 4. Plot of charge densities of the HOMO and LUMO orbitals of the ME
Further, to understand the increased magnetic moments with
increasing Mn concentration, we have plotted in Fig. 5 the atom
centered magnetic moments in the MES for each cluster. In case of
the doped clusters, the Mn atom at the center induces a slightly
larger magnetic moment on the surface Ni atoms. The central Mn
atom behaving like a magnetic impurity carries a relatively large
Ni11Mn2

HOMO LOMULOMU

i12Mn

S of Ni13−mMnm (m¼0–2) clusters. The isovalue is fixed at 0.03 e−/Å3.

Fig. 6. The minimum-energy structures of H2 chemisorbed on pristine, mono- and
bi-doped Ni13 clusters.

Table 3
Chemisorption energies as defined in the Eq. (2) and magnetic moment for MESs of
Ni13H2, Ni12MnH2 and Ni11Mn2H2 clusters.

Clusters Chemisorption energy (eV) Total magnetic moment ðμBÞ

Ni13H2 1.41 8.0
Ni12MnH2 1.13 9.0
Ni11Mn2H2 1.28 12.0
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Fig. 7. The s-, p- and d-projected density of states (PDOS) for a surface atom of Ni11Mn2 (left panel) and Ni11Mn2H2 (right panel) clusters in their ground state. Gaussian
broadening of half-width 0.1 eV has been used. The vertical line through zero is fixed at the Fermi energy of the respective systems.
magnetic moment. This leads to a larger magnetic moment of the
Mn-doped clusters as a whole compared to that of the MES of the
pure Ni13 cluster. In case of the Ni11Mn2 cluster, the surface Mn
atom, being less coordinated, contributes even more magnetic
moment which results the highest magnetic moment of this
cluster. To visualize this, we have plotted the difference between
the charge density for the up spin and down spin electrons i.e. the
spin densities for the MES of each system in the inset of Fig. 5. The
spin densities are localized mainly around the lower coordinated
surface atoms. For the doped clusters, the central atom being a Mn
atom, has a larger magnetic density than that of the Ni13. Also the
surface Mn atom of Ni11Mn2 has the largest magnetic density.

3.2. Chemisorption with H2 molecules

We have performed an exhaustive search for the MES of H2

chemisorbed on Ni13−mMnm (m¼0–2) clusters. As the H atoms can
be absorbed associatively or dissociatively and the alignment of
the H atoms with respect to the surface Ni–Ni bond or the surface
Ni–Mn bond can be either onefold, twofold or threefold as
discussed in our previous work [16], we have considered all these
possibilities in the MES determination of the chemisorbed clusters.
Fig. 6 shows the MES of Ni13H2, Ni12MnH2 and Ni11Mn2H2 clusters.
The first thing to note is that the H2 molecule absorbs dissocia-
tively. In the Ni13H2 and Ni12MnH2 clusters, each H atom absorbs
at the hollow site of Ni–Ni–Ni triangular plane. For the Ni11Mn2H2

cluster, two triangular planes have one common Mn atom, which
means that H-absorption prefers Mn association in this case.

In order to understand the microscopic origin of lower reaction
efficiency of Ni12Mn cluster with H2 molecule, we have performed
a Bader analysis [22] in the MES of the Ni13H2 and Ni12MnH2

clusters. It is seen that the total charge associated with the six
surface Ni atoms which are associated with the two H atoms and
that with other six surface Ni atoms which are not associated with
the two H atoms are 54.96e− and 54.80e−, respectively, for Ni13H2

cluster. These corresponding values for Ni12MnH2 cluster are
55.32e− and 54.96e−. The larger values for Ni12MnH2 cluster
compared to those of the Ni13H2 cluster are readily understood
as there is significant charge transfer from the central Mn atom to
the surface Ni atoms in case of Ni12MnH2 cluster. Consequently,
the charge transfer between the surface Ni atoms and chemi-
sorbed H-atom becomes less in case of Ni12MnH2 cluster and the
Ni–H bonds remain relatively week (Table 3).

Finally, to understand the quenching of magnetic moments of
the chemisorbed structures, we have analyzed in Fig. 7 the surface
atom projected DOS of the Ni11Mn2 cluster and its chemisorbed
counterpart Ni11Mn2H2. It is clearly seen that the PDOS for
Ni11Mn2 cluster is more localized, while the localization is sig-
nificantly reduced for Ni11Mn2H2 cluster with respect to both
width and height, because of enhanced hybridization with 1s-
orbital of H atoms. This enhanced hybridization and consequently
the reduced localization play a significant role in quenching the
net magnetic moment of the chemisorbed structure.
4. Conclusion

Using the density functional based pseudo potential package
VASP, we have studied the structural stability, electronic and
magnetic properties of Mn-doped Ni clusters and their chemisorp-
tion with H2 molecule. We carried out our analysis on a particular
stable size of 13 atoms. The mono-doped Ni13 cluster shows
unusually enhanced stability and therefore the least reactivity
toward chemisorption. Though there is enhancement in net
magnetic moment of the Ni13−mMnm clusters compared to the
pure Ni13 cluster, the doped clusters exhibit a quenching of
magnetic moment upon chemisorption with H2 molecule.
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