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Abstract The application of the ab initio stochastic search
procedure with Saunders “kick” method has been carried out
for the elucidation of global minimum structures of a series of
Al-doped clusters, Nb,Al (1<n<10). We have studied the
structural characters, growth behaviors, electronic and mag-
netic properties of Nb,Al by the density functional theory
calculations. Unlike the previous literature reported on Al-
doped systems where ground state structures undergo a struc-
tural transition from the Al-capped frame to Al-encapsulated
structure, we found that Al atom always occupies the surface
of Nb,Al clusters and structural transition does not take
place until n=10. Note that the fragmentation proceeds
preferably by the ejection of an aluminum atom other than
niobium atom. According to the natural population analysis,
charges always transfer from aluminum to niobium atoms.
Furthermore, the magnetic moments of the Nb,Al clusters
are mainly located on the 4d orbital of niobium atoms, and
aluminum atom possesses very small magnetic moments.

Keywords Density functional theory - Electronic
properties - Magnetic properties - Nb, Al clusters

Introduction

Niobium clusters have received considerable attention from
a wide range of researchers in recent years [1-28]. On the
experimental side [1—14], earlier experiments mainly dealt
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with the mass, optical, photoelectron, and infrared spectro-
metries of small Nb clusters. Nb clusters of various sizes
have been produced by pulsed laser vaporization of com-
pressed Nb powder [8, 9]. A series of experiments on the
reactiviey of Nb clusters have also been performed using
fast flow reactor techniques [10—12], flow tube [13], and
guided ion beam measurements [14], and the results show
interesting size effects in their gas phase reactivity, e.g.,
toward hydrogen, nitrogen, or small hydrocarbons and so
on. On the theoretical side [15-28], theoretical studies on
Nb clusters show they have low symmetry in comparison
with other clusters such as Ti,, Y, and Sc,. The ground states
of Nb clusters always tried to remain in their lowest possible
spin state, expect for Nb,. However, for the small Nb
clusters, the optimal geometries and ground state symmetry
of Nb clusters are sensitive to the choice of functionals and
basis sets. Majumdar and Balasubramanian [16] reported the
ground state of Nbs is “By(C,,) state at B3LYP and
MRSDCI level. This agreed with the results of Fowler and
coworker [20], but disagreed with DFT results of Goodwin
et al. [19] and Kumar et al. [15] who reported a 2A, ground
state for Nbs. Zhai and coworker [21] predicted the distorted
2A" (C,) triangular structure for the ground state of Nb;.
Nhat and coworker [22] studied a series of small Nb, (n=2—
6) and their cations and anions using CCSD(T), B3LYP,
BLYP, BP86, and BPW91 functionals and obtained that
BLYP, BP86 and BPW91 functionals predicted a ’A,
ground state for the C,, isosceles trigangle Nb; while
B3LYP function predicts a “B, ground state. Since the
ground states structures of Nb clusters depend on the theo-
retical method, in the present calculation, three different
density functional theory methods are used for the studied
systems to ensure the accuracy of calculation. Apart from
the fundamental understanding of the geometries of Nb
clusters, many theoretical studies on Nb clusters have fo-
cused on the reactivities of Nb clusters with H,, D>, N,, and

@ Springer



2994

J Mol Model (2012) 18:2993-3001

CO [23-26]. Reactivities of niobium clusters with hydrogen
show dramatic size dependence that is quite different from
the behavior known for clusters of some other transition
metal such as nickel. Similar studies [26] of CO reactivity
with Ni and Nb clusters also show different behaviors with a
distinct minimum for Nby,. Photoemission studies on nio-
bium clusters suggest large HOMO-LUMO gaps for 8-, 10-,
and 16-atom clusters, corresponding to the low reactivities.

Doped clusters are important as they can provide new
physicochemical properties that are different from those in
the pure clusters. Among the doped clusters, the Al atom as
an impurity atom has attracted the attention of many
researchers [29-36]. Xiang and coworkers [29] studied the
equilibrium geometries, stabilities, and electronic properties
of Ti,Al (n=1-13) using density functional theory, and they
concluded that the structural transition takes place at n=9.
Al atom remains on the surface of clusters for n<9, but is
slowly getting trapped beyond #n=9. Similar to growth pat-
tern of Ti, Al (n=1-13), recent theoretical studies by Zhao et
al., [30] Wang et al. [34] and Tian et al. [35] also predicted
positional change of impurity Al atom in Y,AlSc,Al and
Pb,Al clusters at n=9. Theoretical study on geometries and
electronic properties of Si Al [31] has shown that Si Al (n=
1-11) is obtained by replacing one of the Si atoms of Si,
cluster. However, the study of B, and B, Al clusters [32]
found that the lowest-energy structures of B,Al can be
obtained by adding one Al atom on the stable B,,. Although
several reports are available on the interaction of the Al
atom as an impurity with metal clusters, the studies on Al-
doped niobium cluster are very few to our knowledge. Pure
Nb cluster displays different properties from other transition
metals on reactivity with H, and D,, and it is wondered
whether the Al-doped Nb clusters have some different
behaviors from the other similar Al-doped clusters? It would
be interesting and valuable to compare their geometries, sta-
bilities, and electronic properties with similar M, A1 clusters.

In this work, we present theoretical investigation of a
series of Al-doped clusters, Nb,Al (1<n<10). The main
objectives of this paper are (1) to obtain the various global
minimum structures of Nb,Al by means of three functionals,
(2) to study the growth behaviors, electronic and magnetic
properties of Al-doped clusters. This work should be inter-
esting for future theoretical and experimental chemists,
especially those designing new materials.

Computational methods

The ground states of the Nb,Al (1<n<10) clusters were
determined by means of generalized gradient approximation
to DFT using GAUSSIAN 03 programs [37]. We first per-
formed the search for the global minima on the potential
energy surface (PES) for Nb,Al (1<n<10) systems using
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the Saunders “kick” method [38—40]. This stochastic meth-
od generates structures randomly and facilitates the thor-
ough exploration of unknown isomers much more easily
than manual methods. In order to avoid biasing the search,
all the atoms are placed at the same point initially and then
are “kicked” randomly within a sphere of radius R (R is the
maximum kick distance). The kick method runs at the
B3PW91/3-21G level some 500 times (2>6) until no new
minima appeared. Afterward, the isomers were ranked
according to their relative energies at the B3PW91/3-21G
level. Next, the top ranked 10-30 isomers were further
optimized and refined with the larger basis set. In order to
ensure the accuracy of calculation and gain insight into the
performance of different methods, three different DFT
methods were used. The first DFT method is the B3PW91
method [41-44], which uses Perdew-Wang 91 for correla-
tion and Becke-3 for exchange functional method. The
second method is the B3LYP method [41, 45], which uses
Becke’s three-parameter functional with the Lee-Yang-Parr
correlation functional. The third DFT method is Perdew-
Burke-Ernzerhof exchange and correlation functional
(PBEPBE) [46]. The triple-(basis sets, 6-311G(d), were
used for Al atom, and the LANL2DZ basis set, which
involves the Los Alamos effective core potential plus a
double zeta basis set, is employed to model the Nb atom.
Vibrational frequency calculations were performed at the
corresponding level of theory to verify the nature of the
stationary points. The results obtained by three functionals
are essentially identical, this is consistent with previous tests
for the accuracy and consistency of several exchange-
correlation functionals [47, 48]. Since no symmetry con-
straints are imposed, the geometries obtained should corre-
spond to the global minimum structures. Different possible
spin multiplicities were also considered for each of these
structural isomers to determine the preferred spin states of
these complexes. Spin-restricted DFT calculations were
employed for the singlet state, while spin-unrestricted DFT
calculations were employed for all other electronic states.

Results and discussion
Geometries of Nb,Al (1 <n <10)

The ground state geometries of Nb,Al (1<n<10) clusters
and some low-lying isomers are shown in Fig. 1 and Table 1.
According to the total energy from low to high, the low-
lying isomers are designated by Na, Nb and Nc for the
Nb,Al clusters and Na, represents the pure Nb, clusters.
(“N” is the number of Nb atoms.) In order to compare the
structure difference between the pure Nb, and doped Nb,Al
clusters and discuss the effects of doped impurity atom on Nb,,
clusters, we have also shown the ground state geometries of
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Fig. 1 Lowest-energy structure of Nb,(2<n<11) clusters and lowest-
energy and low-lying structures of Nb,Al(1<n<10) clusters

Nb,(2<n<11) clusters. It must be pointed out that for pure
Nb, clusters only B3PW91 method in conjunction with the
LANL2DZ basis set is used for the geometry optimization
and vibrational frequency calculation. We will compare the
results of Nb,Al with pure Nb,, clusters and also compare
them with the results for Ti, Al [29], Y,Al [30], Si,Al [31],
BLAl [32], Na,Al [33], Sc,Al [34], and Li,Al [35] clusters.

For the NbAI cluster, the lowest-energy structure is a
septet state with C,, symmetry by three functionals. The
similar quintet isomer lies energetically above septet by
0.651 eV (B3PWO9I1), 0.425 eV (B3LYP), 0.617 eV
(PBEPBE), respectively. Nbs; clusters have been extensively
investigated in previous studies and a substantial debate has

been already generated on the electronic state as mentioned
in the first section. The electronic state and point symmetry
of Nbj are sensitive to the choice of method. For Nbs, DFT
computation predicts isomer 3a, (Cs symmetry) as the glob-
al minimum structure. For Nb,Al, the lowest-energy struc-
ture is either a doublet Cg structure (2a in Fig. 1) or a quartet
C,, structure (2b in Fig. 1), depending on the theoretical
method. The B3PW91 method predicts 2a to lie lower in
energy than 2b by 0.109 eV, while the B3LYP and PBEPBE
methods predict 2a to lie higher than 2b by 0.095 eV and
0.028 eV, respectively. Thus structure 2a and 2b are essen-
tially degenerate in energy. NbsAl is the first three-
dimensional (3D) structure which can be obtained by sub-
stituting one Al atom for one Nb atom located at one apex of

Table 1 Spin multiplicities (M), point group symmetry (PGS) and
relative energies respect to the lowest-energy structure (AE) by
B3PW91, B3LYP, and PBEPBE functionals

System  Isomer M PGS  AE(eV)
B3PW91  B3LYP PBEPBE
NbAl la 7 Cov 0 0 0
5 Cooy 0.651 0.425 0.617

Nb,Al 2a 2 Cs 0 0.095 0.028

2b 4 Cyy 0.109 0 0
NbsAl 3a 3 Cs 0 0 0

3b 1 Cyy 0.273 0.094 0.081

3¢ 5 Cyy 1.288 1.232 0.295%
Nb,Al 4a 2 Cs 0 0 0

4b 2 Cyy 0.269 0.331 0.298

4c 2 Cs 0.482 0.447 0.527
NbsAl Sa 1 Cyy 0 0 0

Sb 1 C 0.516 0.441 0.508

Sc 1 Cs 0.650 0.586 0.617

5d 1 C; 1.138 1.071 1.127
NbgAl 6a 2 C, 0 0 0

6b 2 C, 0.677 0.602 0.591

6¢ 2 C, 1.008 0.918 0.988
Nb,Al Ta 1 C 0 0 0

7b 1 C, 0.399 0.371 0.436

Tc 1 Cs 0.457 0.416 0.430
NbgAl 8a 2 C, 0 0 0.017

8b 2 (O 0.039 0.002 0

8c 2 (O 0.420 0.432 0.390
NbyAl 9a 1 (O 0 0 0

9b 1 C 0.070 0.051 0.155

9¢ 1 C 0.345 0.295 0.369
Nb;pAl  10a 2 Cs 0 0 0

10b 2 C; 0.130 0.122 0.189

10c 2 C; 1.353 1.751 1.571

# Spin multiplicities is M=1
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pyramid of the Nb, frame. The geometries of Nb3Al is a
little distortion compared to that of Nby. The point group
symmetry of NbsAl structure with the triplet state is Cg
symmetry. For the similar Al-doped clusters, Nb;Al has
relatively low symmetry compared to other clusters such
as TizAl(Csy) [29], Y3AI(Csy) [30], B3AI(Cy,) [32], ScsAl
(Csy) [34]. Here, it should be mentioned that most of the
Nb,Al clusters have relatively low symmetry in comparison
with other Al-doped clusters, this can be seen in the follow-
ing discussion on geometry structures of the Nb,Al clusters.
Structures 3b and 3c are both the planar rhombus with C,,
symmetry and the difference between the two isomers is the
position of the impurity atom Al Our calculation deter-
mined that the structures 3b and 3c are higher in energy
than the lowest-energy structure 3a by 0.273 eV and 1.288
eV (B3PW91), 0.094 eV and 1.232 eV (B3LYP), 0.081 eV
and 0.295 eV (PBEPBE), respectively. For the isomer 3c,
the energy order of different spin states obtained by the three
functionals is somewhat different. B3PW91 and B3LYP
methods predict the lowest-energy 3c structure is a high
spin quintet state, while PBEPBE method predicts singlet
state corresponds to a lower energy. However, the ground
state structure obtained by three functionals is consistent.
The lowest-energy structure of Nb4Al with a doublet state is
a distorted trigonal bipyramid. NbsAl can be obtained by
substituting one Al atom for one Nb atom located at one
apex of bipyramid of the Nbs frame. It can also be created
by adding one Nb atom on the peripheral site of the stable
NbsAl Again note the symmetry of NbsAl cluster. NbyAl is
C, symmetry similar to Nbs cluster, while for most of the
mixed Al-doped clusters, for example, Ti4Al, Y4Al Sc4Al a
triangle bipyramid structure with C;, symmetry has been
proven to be most stable. The same symmetry C is only
found for B4Al cluster. Another structure 4b with Al atom
sitting on the trigonal ring of the bipyramid is 0.269 eV
(B3PW91), 0.331 eV (B3LYP), 0.298 eV (PBEPBE) higher
than ground state structure 4a. Structure 4c, which is similar
to structure 4a, is higher in energy than isomer 4a by 0.482
(B3PW91), 0.447(B3LYP) and 0.527 eV (PBEPBE), re-
spectively. NbsAl is the first cluster whose geometry differs
significantly from a pure Nbg cluster. Nbg is a dimer-capped
rhombus, which is consistent with the results of Goodwin et
al. [19]. and Nhat et al. [22]. However, NbsAl form an
octahedron configuration with Al atom at the vertex. It can
be generated by capping one Nb atom to the most stable
structures of NbyAl. The lowest-energy structure of NbsAl
is a spin singlet, more stable in energy than the triplet state
by 0.111 eV (B3PWO91), 0.441 eV (B3LYP), 0.508 eV
(PBEPBE). The dimer-capped rhombus 5b is higher than
5a by 0.516 eV (B3PW91), 0.441 eV (B3LYP), 0.508 eV
(PBEPBE). Structure 5c¢ can be viewed as a bipyramid
structure, which is 0.650 eV by B3PW91, 0.586 eV by
B3LYP, and 0.617 eV by PBEPBE higher than structure
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5a. Nby is a distorted pentagonal bipyramid as also obtained
earlier in Ref 15. From the point of view of growth, it is
interesting that the doped NbgAl cluster can be viewed as
the one obtained from capping of an Al atom to the Nbg
structure, or from replacing one Nb atom by Al atom occu-
pying one corner of the base pentagon of Nb; structure. The
ground state geometry of NbgAl is C; symmetry with the
pentagonal Nbs a little distorted in comparison with pure
Nb; structure. The similar shape is found but with higher
symmetry for TigAl(Dsp) [29], Y6Al (Cyy) [30], ScsAl(Csy)
[34]. For Al-doped B cluster, the same pentagonal bipyra-
mid structure with C; point symmetry is found for BgAl,
however, for NagAl and LigAl, the structural transition from
the Al-capped structure to the Al-encapsulated structure
appears at n=6. The Al atom gets trapped inside the Na
and Li cages and is almost at the center of mass of the
clusters. We also consider the Al-encapsulated structure as
the initial structure, but the Al atom moves from the center
to the surface of the cluster during the geometry optimiza-
tion process. It is clear from Fig. 1 that capping of an Al
atom or Nb atom to the Nbg structure but with a different
position produces several different structures 6b, 6¢. Struc-
tures 6b and 6¢ lie above the lowest-energy structure 6a by
0.677, 1.008 eV (B3PW91), 0.602, 0.918 eV (B3LYP),
0.591, 0.988 eV (PBEPBE). For Nb-Al, we tried several
structures such as capped prism and a capped octahedron.
The lowest-energy structure is a bicapped distorted octahe-
dron and can be created by taking the most stable isomer of
Nbg and substituting one Nb atom for Al atom. An Al atom
capped on the distorted pentagonal bipyramid of Nb- yields
the low-lying structures 7b and 7c. They are about 0.399,
0.457 eV (B3PW91), 0.371, 0.416 eV (B3LYP), 0.436,
0.430 eV (PBEPBE) less stable relative to structure 7a.
Here, PBEPBE method predicts the 7c has slightly lower
energy than 7b, this order is inconsistent with the results
obtained by B3PW91 and B3LYP methods. Structures 8a
and 8b of NbgAl is also a substitutional structure with the Al
atom replacing the top Nb atom with small local distortion.
The shape of both isomers closely resembles each other.
Isomer 8a is predicted to be the lowest-energy structure by
B3PWO91 and B3LYP methods, while it is predicted by the
PBEPBE method to lie above structure 8a by 0.017 eV. The
small relative energies and similar structure of 8a and 8b
suggest the two isomers are degenerate. Another 8c lies
higher than 8a by 0.432 eV (B3PWO91), 0.338 eV
(B3LYP), 0.322 eV (PBEPBE).

Several Al-doped clusters, such as Ti,Al [29], Y,Al [30],
Sc,Al [34], Pb,Al [35], undergo a structural transition from
the Al-capped frame to Al-encapsulated structure at n=9,
while the structural transition appears prematurely at n=6
for Na,Al and Li,Al, and B,Al and Si,Al do not experience
the structure transition until #=12 and n=10, respectively.
This is mainly due to the different ionic radii of Al and host
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atoms and different bond strength of AI-M and M-M bonds.
However, what will happen for Nb,Al cluster? Is the Al
atom adsorbed on the surface or located in the center of the
Nb, frame? Several initial geometries including the Al-
encapsulated structures were considered to obtain the
lowest-energy structure of the NbyAl cluster. Our calculation
shows after geometry optimization the Al atom Al atom can
not be encapsulated inside the Nb, cluster and still remain
on the surface of the lowest-energy NbyAl cluster using
three methods and the structural transition does not occur
until n=9. Structure 9a is the capped structure where the Nb
atom is capping one of the triangular faces of the lowest-
energy structure 8a. Another substitutional structures 9b and
9c¢ with the substitution for Nb,, but with a different substi-
tuting position of Nb atom are higher in energy, 0.070 and
0.345 eV by B3PWO1, 0.051, and 0.295 eV by B3LYP, 0.155
and 0.369 eV by PBEPBE, than lowest-energy structure 9a.

We have also considered the initial geometry with Al-
encapsulated and Al-capped structures. For the Nb;oAl clus-
ter, the lowest-energy structure was found to be a capped
bicapped antiprism where the Al atom is capping one of the
triangular faces of the Nbjg structure. When the doped Al
atom is added to the stable structure of Nb,, at different
position from structure 10a, a new structure 10b is formed,
but 0.130 eV by B3PWO1, 0.122 eV by B3LYP, 0.189 eV
by PBEPBE higher than 10a. The Al-encapsulated structure
is found in the present study but at high energy relative to
the lowest-energy structure 10a. This Al-encapsulated struc-
ture is listed in Fig. 1 as 10c. The Al atom falls into the
center of Yo frame, and this shape is similar to that of the
Al-encapsulated ground states of TijoAl [29], Y;oAl [30],
Na;oAl [33], Sci9Al [34], PbyoAl [35], LijpAl [36], but with
low symmetry C,. Isomer 10c is predicted to be higher in
energy than 10a by 1.353 eV (B3PW9l1), 1.751 eV
(B3LYP), 1.571 ¢V (PBEPBE).

In a word, the ground state geometries of the Nb,Al
clusters can be obtained by replacing one of the Nb atoms
of the Nb,,,; clusters or by adding one Al atom on the stable
Nb, clusters with small local distortion. Al atoms always
occupy the surface of the clusters and structure transition is
not found in the present calculation, this may be due to the
much larger bond strength of Nb-Nb bond (2.973 eV) than
that of Nb-Al bond (1.993 eV).

Binding energy

The stability of Nb,Al clusters is investigated using three
methods based on their average binding energy, calculated as
E,(Nb,Al) = [nE(Nb) + E(Al) — E(Nb,Al)]/(n+ 1)

where E(ND),E(Al) and E(Nb,Al) represent the total ener-
gies of the most stable Nb, Al and Nb, Al clusters,
respectively.

The average binding energy has been plotted in Fig. 2 as
a function of the number of Nb atom present in the cluster.
The calculations yield a monotonic increase with the size n.
The increased binding energy along with the cluster size can
be found in most clusters. The trend of three curves obtained
by three functionals is consistent, and the only different is
that the PBEPBE method gives a bit higher average binding
energy than the B3PWO91 and B3LYP methods. From the
growth trend, the Nb, Al cluster can continue to gain energy
during the growth process. The binding energy of pure Nb,,
has been investigated in Ref 15. Comparing the curve of
pure Nb, with that of doped Nb,Al cluster, it can be found
that the average binding energies of the Nb, and Nb,Al
clusters vary in a similar way. When Al atom is doped the
Nb, cluster, the average binding energy is decreased. The
smaller binding energy of doped Nb,Al cluster relative to
the pure Nb,, cluster may associate the significantly larger
Nb-Nb bond than Nb-Al bond.

Ionization potential

The vertical ionization potentials (VIPs) of Nb, and Nb,Al
are determined in Table 2 and Fig. 3 by using the B3PWO1
method. The VIP corresponds to the difference in energy
between neutral and cationic clusters keeping the atomic
positions unaltered. The calculated VIPs of Nb,, are in good
agreement with the measured values, except Nbs having a
little deviation between the calculated and experimental
values. From Fig. 3, the VIPs decrease with the increasing
size of clusters up to n=7, and then show a odd-even
alternation phenomenon with cluster size 7<n<11. Several
groups investigated the VIPs of Nb,, CISD calculation [4]
yielded the VIPs of 4.85, 4.33, and 4.31eV for Nb,, Nbs,
and Nby, respectively. These values are substantially
smaller than the measured values. Nhat and coworker [22]

5.0
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15k —=— B3PW91
—e—B3LYP
—a—PBEPBE |

0_5 | 1 L L L 1 1 1 1
3 4 5 6 7 8 9 10

NO. of Nb atoms

Fig. 2 The binding energy of Nb,Al using B3PW91, B3LYP, and
PBEPBE functionals
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Table 2 The vertical ionization potentials (VIPs) of Nb, and Nb,Al by
using the B3PW91 method

System VIP System VIP
Calc. Expt.*

Nb, 6.344 6.2 NbAI 6.495
Nb; 5.928 5.81 NbAl 6.131
Nby 5.120 5.64 Nb;A 6.036
Nbs 5.120 5.45 Nb,Al 5.341
Nbg 5.258 5.38 NbsAl 5.677
Nb, 5.187 5.35 NbeAl 5177
Nbg 5.413 5.53 Nb,Al 5.013
Nby 5.142 5.20 NbgAl 5.148
Nbyo 5.473 5.48 NboyAl 4.980
Nby, 4.563 4.74 Nb; oAl 5.301
“Ref [4]

calculated the VIPs of Nb,(2<n<6) with different methods
and the results agree with the experiments. The doped
Nb,Al clusters show different behavior compared with pure
Nb,, the trend of VIPs of Nb,Al shows an odd-even alter-
nation phenomenon. It is found that except for n=3 and 5,
the values of VIP of Nb,Al are smaller than corresponding
pure Nb,, cluster. Comparison of the VIP between Nb, and
Nb,Al clusters shows that the ionization potentials of Nb,
clusters decrease in presence of an Al atom.

Fragmentation behavior

The fragmentation behavior of a series of clusters bears
significance in terms of understanding the abundance spec-
trum and the relative stability among smaller size clusters.

Fragmentation energies of the Nb, Al clusters were obtained

6.50

6.25 —&— Nb, -Calc. .
—&—Nb, Al
—&— Nb-Expt.

6.00

575 F

VIP(eV)

NO. of Nb atoms

Fig. 3 The vertical ionization potentials (VIPs) of Nb, and Nb,Al by
considering the B3PW91 functional
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with respect to the reactions losing one Nb;(i=1-10). The
fragmentation energy is defined as:

Ep(Nb,Al) = E(Nb,_;Al) + E(Nb;) — E(Nb,Al).

A theoretical understanding of the fragmentation process
is difficult and two factors can influence the preferred frag-
mentation path. First, the energy needed to dissociate a
cluster into binary fragments. The second point concerns
the barrier height for such a dissociation to occur. Table 3
gives all possible fragmentation pathways and their frag-
mentation energies for Nb,Al cluster by considering the
B3PW91 method and we have assumed that the fragmenta-
tion occurs along the lowest-energy pathways with no acti-
vation barrier.

It is clear from Table 3 that the lowest-energy channel is
always via the Al dissociation from the Nb,Al cluster, and
this is similar to the dissociation pathway of Si,Al where Al
atom removal always produces the lowest-energy channel
for Si Al clusters. Another competitive dissociation path is

Table 3 Fragmentation channels of the Nb,Al clusters by considering
the B3PWO1 functional. The second columns indicate the fragmenta-
tion channel by Er(Nb,Al) = E(Nb,_;Al) + E(Nb;) — E(Nb,Al)

System Nb; Er System Nb; Er
Nb,Al Nb, 3.205 NbgAl Nb, 4.079
Nb, 2.225 Nb, 5.398
NbsAl Nb, 4.039 Nbs 6.672
Nb2 4.270 Nby 6.772
Nbs 2.940 Nbs 7.607
NbyAl Nb, 4.739 Nbyg 7.326
Nb, 5.805 Nb, 5.535
Nb; 5.686 Nbg 2.622
Nby 3.175 NbyAl Nb, 4.250
NbsAl Nb; 4.604 Nb, 5.355
Nb, 6.370 Nbs 6.324
Nb; 7.085 Nby 6.417
Nby 5.786 Nbs 7.117
Nbs 3.875 Nbyg 7.537
NbgAl Nb,; 4.598 Nb, 6.580
Nb, 6.228 Nbyg 4.878
Nbs 7.644 Nby 3.099
Nby 7.178 Nb; oAl Nb, 4.497
Nbs 6.479 Nb, 5.773
Nbg 4.153 Nbs 6.528
Nb,Al Nb, 4.293 Nby 6.316
Nb, 5917 Nbs 7.010
Nb; 7.197 Nbg 7.294
Nby 7.432 Nb, 7.038
Nbs 7.567 Nbyg 6.170
Nbg 6.452 Nby 5.602
Nb, 3.450 Nbyq 2.175
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achieved via the Nb-losing channel, which is the second
lowest-energy channel for any cluster size. Figure 4 shows
the plot for the dissociation energies of an Al or Nb atom
from the Nb,Al clusters. The dissociation energy of Al-
losing channel rise up to n=6 and then follows a decreasing
trend and finally shows an odd-even alternation behavior. In
contrast to the behavior observed for Al-losing channel, the
dissociation energy of Nb-losing channel shows continuous
increase up to n=4 and then follows a decreasing trend and
finally increases again at n=8. It can be found that the
energy required to dissociate Nb atom is higher than Al
atom for Nb,Al clusters. The dissociation channel losing
Al atom gives the large dissociation energy at n=6 and
yields the small energy at n=8 and 10, the small energy of
Al atom evaporation at n=8 and 10 is due to the fact that §-
and 10- atom Nb clusters have higher stability, leading
to the dissociation path easily obtained. The channel
losing Nb atom yields the largest dissociation energy
at n=4. This indicates that Nb4Al is energetically more
stable than its neighbors, which may be attributed to the
favored 18-electron configuration of NbyAl cluster. The
smallest dissociation energy occurs at n==8, suggesting that
NbgAl is less stable than others. NbgAl also has relatively
large dissociation energy in all sizes of Nb,Al clusters
calculated here.

Charge transfer

Natural population analysis (NPA) results of Al atom in
Nb,Al clusters and the electronic population at a series of
valent orbitals of Al and Nb atoms are determined in
Tables 4 and 5, and the results are plotted in Figs. 5 and 6.
From Fig. 5, charges always transfer from the doped Al
atom to Nb atoms along with an odd-even phenomenon,
which indicates that Al acts as electron donor in all Nb,Al
clusters. This is different from the results of Ti,Al and Y ,Al
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Fig. 4 The fragment energies of Al and Nb atoms from Nb,Al clusters

Table 4 The charge of Al atom in the Nb,Al clusters using B3PW91,
B3LYP, and PBEPBE methods

System B3PWI1 B3LYP PBEPBE
NbAI 0.217 0.224 0.225
Nb,Al 0.186 0.194 0.234
NbsAl 0.235 0.250 0.283
Nb,Al 0.423 0.423 0.421
NbsAl 0.340 0.344 0.355
NbeAl 0.482 0.482 0.495
NbsAl 0.441 0.445 0.463
NbgAl 0.575 0.566 0.546
NbyAl 0.574 0.562 0.583
Nb,pAl 0.654 0.591 0.604

clusters where the charge transfers from host atoms Ti and Y
to doped atom Al, which may be caused by the smaller
electronegativity of Ti (1.54) and Y (1.22) and almost the
same values of Nb (1.6) compared to that of Al (1.61) atom.
From Table 5, the positive charge of Al atoms in Nb,Al
clusters indicates that the 3s electrons of Al atom are trans-
ferred not only to its own 3p orbitals but also to the 4d or Sp
orbital of Nb atoms. The 4s electrons of Nb are mainly
transferred to the 4d and Sp orbital. From Fig. 6, for the
Al atom the 3s orbital loses electrons about 0.2—0.5, and the
3p orbital gets electrons 0.05-0.36 with the exception of
NbAI and Nb;yAl. The trend of 3p curve seems to have an
opposite odd-even phenomenon to that of total charge trans-
fer. For Nb atom, the ground state electronic configuration
of the Nb atom is 4d*5s'. NPA results reveal that there are
about 0.3 electrons transferred form Ss to 4d. There are
about 0.06-0.37 electrons transferred to Sp orbital in
which the electron numbers increase slowly along with
the cluster size.

Table 5 The natural population analysis of 3s and 3p orbitals for the
Al atom and the average natural population analysis of 4d, 5s, and 5p
orbitals for the Nb atom by considering B3PW91 functional. The
results of degenerate structure 2b in parentheses

System 3s 3p Ss 4d Sp
NbAl  1.84 0.93 0.76 44 0.06
NbAl  1.57(1.64) 1.23(1.14) 1.04(0.59) 3.92(4.41) 0.18(0.15)
Nbs;Al  1.55 1.2 0.687 4223 0.203
NbsAl  1.51 1.05 0.64 423 0.27
NbsAl  1.38 1.26 0.578 4.228 0.308
NbgAl  1.24 1.26 0.55 428 0.317
Nb,Al  1.18 1.36 0.514 432 0.289
NbgAl  1.25 1.16 0.505 4.268 0.356
NboAl 1.25 1.17 0.482 4.28 0.366
NbjpAl 1.36 0.97 0.468 4332 0.334
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Fig. 5 Charge of Al atom in Nb,Al clusters
Magnetic properties

The total magnetic moments of Nb,Al (1<n<10) as well as
the local magnetic moments of Zn and Nb atoms in Nb,Al
clusters are presented in Fig. 7 to investigate the size depen-
dence. From Fig. 7a, the total magnetic moment is mainly
located on the Nb atoms and Al atom only carries very small
magnetic moment. The Nb,Al clusters have total magnetic
moments 1up for even n, in which the magnetism may come
from the odd number of valence electrons. Whereas for odd
n, the magnetic moments of NbsAl, Nb,Al and NbgAl
clusters are completely quenched.

To further illustrate the magnetic nature of the Nb,Al
clusters, we performed a detailed analysis of local magnetic
moment of Nb atom in Nb,Al clusters by NPA calculation.
The charges of 4d, 5s, and 5p states for Nb atoms in Nb,Al
clusters are summarized in Fig. 7b. Figure 7b shows the

4.5

o \/—V—!"”"‘T—F’j

S —m— Al-3s

3.0+ —e— Al-3p
—&— Nb-5s

25T —v—Nb-4d ]

20k —4— Nb-5p

NPA of Al atom and Nb atom

NO. of Nb atoms

Fig. 6 The natural population analysis of 3s and 3p orbitals for the Al
atom and the average natural population analysis of 4d, Ss, and 5p
orbitals for the Nb atom by considering B3PW91 functional

@ Springer
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Fig. 7 a Total magnetic moments (inug) of Nb,Al clusters and local
magnetic moments of the Al and Nb atoms. b Magnetic moments
(inpug) of 4d, 5s, and S5p states for Nb atom in Nb,Al clusters

magnetic moment of the Nb atoms is mainly from 4d state,
following is the 5s and 5p states with small contribution to
the magnetic moment of the Nb atoms.

Conclusions

We have identified the ground state geometries and studied
the growth behavior, the electronic and magnetic properties
of Nb,Al species by means of three functionals. In contrast
to the previously reported M, Al cluster, where the shapes of
ground state structures undergo a structural transition from
the Al-capped frame to Al-encapsulated structure, in Nb,Al
clusters, Al atom always occupies the surface of clusters and
structural transition does not take place until =10 in the
present calculation. The analysis of the fragmentation ener-
gy for Nb,Al clusters shows that the energy required to
dissociate an Al atom is lower than that of Nb atom. This
may be attributed to the much larger Nb-Nb bond than Nb-
Al bond. According to the NPA results, charges transfer
from the doped Al atom to Nb atoms along with an odd-
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even phenomenon, which indicates that Al acts as electron
donor in all Nb,Al clusters. This is different from the results
of Ti,Al andY,Al clusters performed by Mulliken popula-
tion analysis. The magnetism of the Nb,Al clusters mostly
stems from the contribution of 4d orbital of Nb atoms, and
the contribution of magnetic moments of Al atom to the total
magnetic moment is very small.
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