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The ground-state configurations of the Nby, (n = 2-11) clusters are studied through the first-principles calculations.

It is found that niobium clusters (n = 2-11) tend to form compact structures with low symmetry. The clusters with 4,

8 and 10 atoms are found to be magic and have relatively large highest occupied-lowest unoccupied molecular orbital

(HOMO-LUMO) gaps.

The Nb,, clusters possess low magnetic moments, which exhibit an odd-even oscillational

character. The analyses of calculated electronic density and population of the lowest-energy niobium clusters for n = 2,

3,5, 7,9, 11 show that the total magnetic moments of Nb,, originate mainly from a few Nb atoms with longer spacings

between them in most cases, while they are located on two Nb atoms for n = 2, 3, 5. The total magnetic moments

come mainly from the 4d local moments but with the exception of the Nbs cluster.
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1. Introduction

In recent years, many transition metal clusters
have been studied both experimentally and theoret-
ically for their fundamental importance and poten-
tial applications as magnetic material and chemical
catalysis. Niobium cluster is one of the most ex-
tensively investigated transition-metal clusters due to
their several features, such as the relatively great
propensity to form clusters and the appearance of
ferroelectric state related to superconductivity.'—13]
Small niobium clusters have been well studied by us-
ing various experimental methods.[3%6:9121 Photoe-
mission determination of niobium clusters suggested
large highest occupied-lowest unoccupied molecular
orbital (HOMO-LUMO) gaps for 8, 10, 16 atom

[12] Mass spectrum of autoionized niobium

clusters.
clusters showed marked intensities for n = 7, 13, 15,
22 with magic behaviour and a minimum in the abun-
dance (intensity) for n = 19.5

The structural features and the electronic prop-
erties of niobium clusters have been theoretically in-

vestigated through different approaches by several

groups, such as Kumar and Kawazoe,[!l' Gronbeck et
al,ll and Goodwin and Salahub.!) However, their
results are different. Therefore it is necessary to
study niobium clusters by using an accurate method.
The most interesting property of niobium clusters is
nonmagnetic in bulk but the experiment shows that
the magnetic moments in niobium clusters change
nonmonotonically with cluster size. In the present
study, the geometry optimizations and properties of
the Nb,, (n = 2-11) clusters are investigated by us-
ing the density-functional theory with the unrestricted
B3LYP exchange-correlation potential'*1®land an ef-
fective core potential LanL2DZ basis sets.['6] The
standard LanL.2DZ basis sets provides an effective way
to reduce difficulties in calculating two-electron inte-
grals caused by heavy transition-metal atoms. On the
other hand, (n-1)s, (n-1)p, (n-1)d, ns and np orbitals
are taken as valence electron orbitals in the Lan.2DZ
basis sets which can obviously enhance the calcula-
tion accuracy. Moreover, we investigate the magnetic
properties of Nb,, (n = 2-11) clusters and the cal-
culated results are compared with the experimental
results.
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2. Computational methods

In order to determine exchange-correlation po-
tential, the Nby is calculated with B3LYP, B3PW91,
HCHT, MPW1PWO91, PBEPBE, PBE1PBE and the
results are listed in Table 1. The theoretical re-
sults with BSLYP indicate that the triplet Nby is the
most stable state, and that the Nb-Nb bond length is
0.212nm with an average binding energy of 2.59eV,
which is in excellent agreement with the experimental
values of 0.208nm and 2.60eV, separately.?) Con-
sequently, B3LYP is proved to be applicable for the
Nb,, clusters. All theoretical calculations above were

performed with GAUSSIAN-03 package.[!”) The pre-
vious studies on the niobium clusters, [+ 7:8:10:11] 359
on others transition-metal (TM) clusters such as zirco-
nium, gold, cobalt, nickel, ruthenium, rhodium, palla-
dium, osmium, platinum, iridium and tantalum clus-
ters were seen as a guide to considering Nb,, geome-
tries. In the present paper, equilibrium geometries of
the Nb,, clusters are optimized, and their stabilities
are reassured accurately by the harmonic vibrational
frequency calculations. In order to further explore the
origins of the magnetic moments, we also calculate the
electron density and perform the population analysis

of the clusters with Dmol® package.[*8]

Table 1. Measured and calculated results of bond length R (in nm), average binding energy E}, (in eV),
vibrational frequency w (in cm™1) for Nby by using BSLYP, B3PW91, HCHT, MPW1PW91, PBEPBE and

PBE1PBE.
B3LYP B3PWI1 HCHT MPW1PW9I1 PBEPBE PBE1PBE Experiment
R 0.212 0.210 0.212 0.212 0.214 0.212 0.208*
Ey, 2.59 3.38 4.05 3.26 3.29 3.39 2.60P
w 427.34 480.15 464.15 485.91 456.79 485.82 424.89¢
afrom Ref.[2].
Pfrom Ref.[9].

3. Results and discussion

3.1. Equilibrium geometries

The lowest-energy structures as well as the
metastable configurations of the Nb,, (n = 2-11) clus-
ters are presented in Fig.1 and described in Table 2
where their geometries, symmetries, average distances
of the ground state, average atomic coordination num-
bers and relative energies from the ground state are
displayed. According to their energy ordering, the iso-
mers are labelled as na, nb, nc, and so on, where na

? 2 2 . 9
O 9 FHWN Y

2a 3a 4a

5% 59 ‘L/{fa 92529 ¥

5b 6a

is corresponding to the lowest-energy isomer. Since

the spacings between the nearest-neighbouring atoms

in the Nb,, clusters are different, we define the av-
E Rij, where Rij is

,4,17]

the nearest-neighbouring spacing, which is 15% less

erage distance R as R = N%,

than the minimal spacing between ¢ and j atoms, N,
is the number of bonds in the cluster. The average
atomic coordination number is the average number of
the nearest neighbours and defined as No = £ 3 n;,

K3
where n is the number of atoms in the Nb cluster, and
n; is the number of the nearest-neighbouring atoms
for the i-th atom in the cluster.

J

4b 4c

6b
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Table 2. Geometry, symmetry (Sym in short), average spacing R (in nm) of the ground state, average
atomic coordination number N¢ and energy difference AE (in €V) between equilibrium geometries and the

1la

ground state of Nb,, clusters.

9b 10a

11b

10c

11lc

Fig.1. Calculated lowest-energy and low-lying structures of Nb,, (n = 2-11) clusters.

n geometry Sym R Ne¢ AE
linear (2a) Doon 0.212 1 0
3 triangle (3a) Cs 0.231 2 0
linear (3b) Doon 1.33 4.219
4 pyramidal (4a) Cs 0.254 3 0
rhombus (4b) Don 2 0.961
bendrhombus (4c) Cav 2.5 1.476
5 distorted trigonal bipyramid (5a) Cay 0.258 3.2 0
planar W (5b) Cs 1 1.791
6 tetragonal bipyramid (6a) Dop 0.255 3 0
a planar structure (6b) Copn 1.33 0.353
7 bicapped trigonal bipyramid (7a) Cy 0.263 3.14 0
capped tetragonal bipyramid (7b) Cs 3.14 0.701
bicapped trigonal bipyramid (7c) Ca 2.86 1.331
8 capped octahedron (8a) D2 0.258 3 0
capped octahedron in skewed (8b) C1 3.25 0.628
capped octahedron in trans (8c) Ca 3.25 0.866
9 twinborn bioctahedron (9a) Ca 0.252 2.44 0
Capped tetragonal (9b) Cs 2.89 0.588
10 bicapped antiprism (10a) Cy 0.258 3.3 0
distorted bicapped antiprism (10b) Cs 3.1 0.64
twinborn bioctahedron (10c) Don 2.4 0.98
tricapped pentagonal bipyramid (10d) Cs 2.82 1.01
11 capped antiprism (11a) Cay 0.260 3.4 0
distorted capped antiprism (11b) Co 3.8 0.64
bicapped antiprism (11c) Cy 3.8 0.66
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The equilibrium geometries obtained in the
present study are in accord with those in the pre-
vious studies in most cases.[!"*10:11] Nbs is a nearly
equilateral triangle of spin multiplicity 2 with sides
of 0.236, 0.237, and 0.234nm. These are in accord
with those in a nearly equilateral triangle geometry
with D3, symmetry obtained by spectroscopy of mass-
selected Nb clusters,® though they are different from
those for an isosceles triangle obtained by Kumar and
Kawazoe.[!l Frequency analysis shows that a planar
W-type structure with Cg symmetry (in Fig.1(5b)) is
a transition state. We tried to superimpose Cg struc-
ture onto Ca, structure and to optimize it, but the
result shows that the Cy, structure is also of a transi-
tion state. Frequency analysis also shows that a pla-
nar structure with Cgp symmetry (in Fig.1(6b)) is of
a transition state. For Nbg, the ground state can be
viewed as a state of distorted twinborn bioctahedron
structure with Co symmetry, and this structure is sim-
ilar to the metastable one obtained from Ref.[1]. An-
other structure (in Fig.1(9b)) can be considered as a
structure of sightly distorted capped tetragonal prism.
The structure shown in Fig.1(9b) is 0.57eV higher in
energy than the ground state indicated in Fig.1(9a).
For Nbyq, the lowest energy structure is of a bicapped
antiprism (in Fig.1(10a)), which could be considered
to arise from the capping of a prism. Another two
structures in Figs.1(10b) and 1(10¢) can be regarded
as twinborn bioctahedron and tricapped tetragonal
bipyramids with Dsy, and Cg symmetries, respectively.
The lowest-energy structure of Nbq; in Fig.1(11a) can
be obtained by capping one atom on the top of tetrag-
onal prism which is different from the two pentagonal
bipyramids fused at a triangular face.[!! Similarly, the
metastable isomers in Figs.1(11b) and 1(11c) can be
obtained by capping one atom on the face or edge of
the pentagonal prism, and they are 0.64 and 0.65eV
higher in energy than the ground state respectively.
Figure 1 and Table 2 indicate that the small Nb clus-
ters tend to form the compact structures with low
symmetry based on either a tetrahedron or a prism
of the larger average coordination number.

3.2. Relative stability

In order to analyse the stability and the size-
dependent physical properties of the Nb clusters, we
calculate the binding energy per atom, FEj, which is

defined as

Ey = [nEy — E,]/n, (1)

where E7 and E,, represent the energy of one Nb atom
before n Nb atoms are bound into an Nb,, cluster and
the lowest energy of the Nb,, cluster structure, respec-
tively. The Ey, value of the lowest-energy Nb,, cluster
is displayed in Fig.2. As seen in this figure, the binding
energy increases monotonically as the size of clusters
increases. Thus, the clusters can continue to gain
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Fig.2. Measured and calculated results of binding energy
per atom Ejy, of the lowest-energy Nb,, (n = 2-11) clusters.

energy during the growth, therefore this system may
form a greater size cluster. It also suggests that
the energy convergence to bulk behaviour is slow in
these small clusters in which the surface effect may be
Furthermore, the results show that the

method selected in the present work is more accu-

important.

rate for small clusters (n < 7). In cluster physics,
the second-order difference in energy is a sensitive
quantity that reflects the relative stability of investi-
gated clusters. The second-order difference in energy
is Ay F(n), which is defined as

AsE(n)=E(n+1)+ E(n—1)—2E(n), (2)

where E(n), E(n—1), and E(n+1) represent the total
energies of the lowest energy structure Nb,,, Nb,_1,
and Nb,, ;1 clusters, respectively. As shown in Fig.3,
the values of magic number of Nb cluster, n, are found
to be 4, 8 and 10, implying that these clusters are
more stable than their neighbouring clusters. Accord-
ing to Fig.3, the value of A3 E has an evident peak for
n = 10, namely Nbjg cluster is the most stable.
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Fig.3. Calculated results of second-order difference in en-
ergy Ao F of the lowest-energy Nby,, (n = 2-11) clusters.

3.3. Electronic properties

The HOMO-LUMO gap (Egap) is considered to
be an important parameter to estimate the electronic
stability of small clusters. According to the Koop-
manns theory, the HOMO energy level reflects the
cluster ability during losing its electrons, the higher
HOMO energy level means losing the electrons more
easily. While the LUMO energy level is equal to the
electron affinity potential in value, the lower LUMO
energy level indicates that it is easier for the cluster
to obtain the electrons. The FEg,, reflects the ability
for electrons to jump from occupied orbital to unoccu-
pied orbital and represents the ability for the molecu-
lar participates to produce chemical reactions to some
degree. A large Eg.p, corresponds to a high strength
required to perturb the electronic structure, namely a
bigger Fg,, indicates a weaker chemical activity. The
Egap as a function of number of Nb atoms, n, is shown
in Fig.4, it is seen that the gap of the Nb,, clusters os-
cillates significantly as a function of number of Nb
atoms. Remarkable peaks appear at sizes of n = 4, 8§,
10, suggesting that these clusters are more stable than
their neighbouring clusters, which accords with the
behaviour of the second-order energy difference AsFE
(Fig.4). The change role of the E,,, in the present
study is similar to that presented in Ref.[1] except the
case for n = 6. In light of the particular phenomenon
where the gap of Nby cluster is the largest but the gap
of Nbyg is the smallest in niobium clusters (n = 2-11),
the energy levels of molecular orbital for Nb, Nby and
Nbg are displayed in Fig.5. Compared with Nb and
Nbg, Nby obviously is characteristic of the molecular
orbital producing the degeneration of the energy level
in the vicinity of the HOMO-LUMO and the energy
level of the LUMO elevated strongly, which probably
leads to its largest value of Egyp.

Fig.4. Calculated values of HOMO-LUMO gap Egap of
the lowest-energy Nby, (n = 2-11) clusters.

Energy/eV

Nb Nby Nbg

Fig.5. Energy levels of one electron in the vicinity of the
HOMO and LUMO of Nb, Nby and Nbg,

3.4. Magnetic moments

As mentioned in the introduction, i.e. in Sec-
tion 1, the most interesting property of niobium clus-
ters is nonmagnetic in bulk but the experiment shows
that the magnetic moments in niobium clusters change
Detailed data

on the magnetic behaviour of niobium clusters in a

nonmonotonically with cluster size.

size range of 3-52 atoms have recently become avail-
able from molecular beam Stern—Gerlach deflection
experiment® at T = 20K. In Fig.6, our theoretical
results reproduce basically the same tendency of ex-
perimental p, within experimental accuracy except
for that of Nby; cluster. The deviation of the theoreti-
cal result from the experimental result, which happens
to Nby; cluster, can be attributed to the existence of
energetically closely lying isomer (AE = 0.701eV) of
Cs symmetry. The calculated total magnetic moment
of 0.806 up for Cg isomer is in good agreement with
the measured one. The odd-n clusters each have a
magnetic moment, i.e. u, = lpup, which is consistent
with the magnetic moment of a single unpaired elec-
tron. Even-n clusters each possess u, = 0 (except even
2-cluster that has ps = 2up). It is interesting to note



1496

Ren Feng-Zhu et al

Vol. 18

that the magnetic moments of Nb,, (n = 2-11) clus-
ters exhibit an odd-even oscillational character. The
odd number of valence electrons in an atom of the
clusters can lead to a significant even-odd alternation
in cluster properties, which can explain the tendency
of behaviour in magnetic moment for Nb,, (n = 2-11)

clusters.
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Fig.6. Values of total magnetic moment p,, of the lowest-
energy Nby, (n = 2-11) clusters.

It is well known that the magnetic behaviour is
very sensitive to the details of local atomic environ-
ment, e.g. symmetry, coordination number, inter-
atomic spacing, and electronic density distribution.
In general, the higher symmetry, smaller coordination
number and longer interatomic spacing are accompa-
nied with the larger magnetic moments as these fac-
tors tend to reduce electron overlap. In order to fur-
ther understand the magnetic moment, the analyses
of the electron density and the electron population of

the lowest-energy niobium clusters for n = 2, 3, 5, 7,

9, 11 are calculated and illustrated in Fig.7 and Table
3. From Fig.7, one can see that the total magnetic
moments of the clusters originate from a small num-
ber of Nb atoms in most cases. However, they are
located on two Nb atoms for Nby, Nbs and Nbs. We
also analyse the spacing between the Nb atoms. The
results indicate that the contribution of the Nb atoms
with longer spacings between them to the magnetic
moment is great. A different bond length between the
Nb atoms would naturally cause an obvious distinction
of mutual interaction between them. A longer inter-
space generally suggests a weaker interaction between
the Nb atoms, which will result in the production of
more unpaired electrons in them. Consequently, their
contribution to the magnetic moment is great. On the
contrary, there is little contribution to the magnetic
moment, made by the Nb atoms with shorter inter-
spaces because their strong interaction may reduce the
number of the unpaired electrons.

Fig.7. Differences in charge density between up-spin and
down-spin electrons of the lowest-energy Nb,, clusters for
n=235709,11.

Table 3. The values of total moment u, and local spin magnetic moments fi4s, ptap, ftad, 55 and

psp of the lowest-energy niobium clusters for n = 2, 3,5, 7, 9, 11.

n bn/1B Bas/ BB Bap/1B Wad/ BB Wss /1B Wsp/uB
2 1.829 ~0.002 0.014 1.480 0.336 ~0.002
3 0.999 0.002 0.010 0.986 -0.01 0.009
5 1.000 0.002 0.005 0.158 0.674 0.161
7 0.988 0 0.006 0.541 0.357 0.093
9 1.000 0.001 0.007 0.626 0.305 0.059
11 0.988 0 0.009 0.609 0.273 0.109

So different magnetic behaviours of Nby (Door), Nbs (Cs) and Nbs (Ca,) may be due to the joint-effect
originating from different kinds of factors. The charge transfer between non-equivalent atoms and spd orbitals of

an atom plays an important role in the distribution of local spin magnetic moment. The local charge neutrality

used in the present study basically prohibits the charge transfer between non-equivalent atoms but permits it
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to take place between orbitals of an atom. From Ta-
ble 3, one can easily see that the electrons of the 5s
are redistributed to the 4d and the 5p orbitals. The
cluster magnetic moments come mainly from the 4d
local moments, while the local moments of the 5s and
5p orbitals are much smaller than p44 (except n = 5).

4. Conclusions

First-principles calculation is performed to study
geometric structures, relative stabilities, electronic
properties, and magnetic moments of Nb,, (n = 2-
Small Nb,, clusters (n < 11) tend to
form compact structures with low symmetry based on

11) clusters.

either a tetrahedron or a prism of larger average coor-
dination number. The magnetic moments of ground
states Nb,, (n = 2-11) clusters exhibit an odd-even

oscillational character. The analyses of the calculated
electronic density and population of the lowest-energy
niobium clusters for n = 2, 3, 5, 7, 9, 11 show that
the total magnetic moments of Nb,, originate mainly
from a few Nb atoms with longer spacings between
them in most cases, while they are located on two
Nb atoms for Nby, Nbs and Nbs. The charge trans-
fers among spd orbitals of an atom lead to the fact
that the total magnetic moments come mainly from
the 4d local moments but with the exception of the
Nbs cluster. The results indicate that there are large
HOMO-LUMO gaps for 4, 8, 10 atoms and clusters
are found to be magic, however, with the exception of
the Nbg cluster. The calculated binding energies and
magnetic moments are in good agreement with exper-
imental data and provide a support for the theoretical
results of the structures presented in the present study
and an insight into more complicated cluster systems.
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