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The structures and properties of Wy, (n = 2-14) clusters were studied by using the density functional theory (DFT)

at LSDA level. The most stable structures of W, (n = 2-14) clusters with global minimum were determined. The

average binding energy (Fjp), the first and second difference of total energy (AE, A3 E), the vertical detachment energy
(VDE), and the HOMO-LUMO gap versus the size were also discussed. The abrupt decrease of VDE and HOMO-LUMO
gap at size n = 8 and 10 implied that tungsten clusters of Wg and Wjg appeared to have metallic features. These

changes were also accompanied by the delocalization of electron charge density and the strong hybridization between

5d and 6s orbits in Wg and Wi clusters. Our results are in good agreement with the available experimental data.
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1. Introduction

It is well known that the geometries and electronic
properties of clusters are very different from their
bulks.' 3] For example, clusters of metallic elements
exhibit fivefold symmetry and icosahedral growth,
which is nonexistent in crystals.[*/ The building block
of silicon clusters is a tricapped trigonal prism (TTP),
which is completely different from the bulk diamond
structure.l>6l Some of the most stable carbon clusters
have the famous fullerene geometry while bulk car-
bon exists in either planar or tetrahedral structures.!”
These interesting phenomena in nano-dimensions raise
a fundamental question: what is the critical cluster
size at which electronic and geometric structures con-
verge to the bulk properties?!®!

Tungsten is an important rare metal with charac-
teristics such as a high melting point (3380 °C), high
hardness and extraordinary chemical stability. It is
widely used in modern technology in pure metal and
alloy. As far as we know, small tungsten clusters have
been studied in many experiments and theories.[9~18!
These works included thermionic electron emission
of small tungsten cluster anions on the milliseconds
time scale,' photoelectron imaging spectroscopy of

small tungsten clusters,!'!] optical and Raman spec-

troscopy of mass-selected tungsten dimers in argon
matrices,!'?l and so on. Tungsten dimer and trimer
had been studied by using density functional theory
(DFT).1"3 Zhang et al" studied small W, (n = 2-
4) clusters in their neutral and anionic states by using
DFT at B3LYP/ LanL2DZ level, predicting that both
W3 and W, were spin triplet and the ground state of
W, was a plane rhombus with Dy, symmetry. Yam-

[15] studied geometries of anionic, neutral,

aguchi et al
and cationic small tungsten clusters W,, (n = 3-6) by
using DFT at B3LYP/ LanL2DZ level, finding that
W3 and Wy were spin triplet, and Wy and W5 were
spin singlet. Oh et all'® studied structural evolution
of W nano-clusters with the increase of cluster size
by x-ray diffraction (XRD) patterns, finding that the
structure changed from amorphous to face-centered-
cubic (fce) to body-centered-cubic (bec) with the in-
crease of the average cluster size. Lee et all'™) recorded
photoelectron spectra of W, (n = 20-90) by using a
magnetic bottle-type photoelectron spectrometer, es-
timating that metallic properties might begin at the
cluster size n = 10. Lin et al['8] studied the evolution
from nonmetallic to metallic features of W clusters,
predicting that the transition from semiconductor-like
to metallicity might take place around the size n = 8.

Due to the mutual contradiction of the above con-
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clusions of experiments and theories, we carried out
a systematic study of W, (n = 2-14) clusters from
first principles molecular orbital calculations, analyz-
ing the evolution from nonmetallic to metallic features
of tungsten clusters. This work may facilitate the un-
derstanding of geometric structures, electronic shell
structures and the bonding nature for other clusters
in the future.

2. Computation methods

In this paper, all the calculations for W,, (n = 2—
14) clusters are performed with the LSDA (SVWN)
hybrid density functional method and the LanL.2DZ
basis set['] in the Gaussian 0312 package. In order
to test the reliability of the LSDA /LanL.2DZ scheme

|

for the description of W, clusters, some properties
of the W dimer are calculated by using five different
exchange-correlation functional methods at the same
LanL2DZ basis set. Among these methods, the calcu-
lated vibrational frequencies, electron affinities, and
ionization potential for W dimer by LSDA /LanL.2DZ
scheme are in good agreement with the available ex-
perimental data (Table 1),['2921] 5o it is reasonable
to use the same method throughout the whole calcu-
lations. The calculation convergence criterion for the
RMS force criterion is set to 3 x 10~% a.u. The stabil-
ities of W, clusters are examined by the vibrational
frequencies calculation. For each of the clusters, all
More-
over, spin unrestricted calculations are performed for

computed frequencies are confirmed as real.

all allowable spin multiplicities.

Table 1. The total energy (E:), bond length (Re), vibrational frequencies (we), binding energy per
atom (Ep), electron affinity (FA), and ionization potential (IP) of Wa at DFT/B3LYP, B3PW91, LSDA,

MPW1PWO91, PBE1PBE /LanL2DZ level.

cluster E;/a.u. Rc/nm we/cm ™t Ey/eV EA/eV IP/eV
Wa B3LYP —-135.40113823 0.2039 410.558 4.548 0.899 6.668
B3PWO91 —135.46371288 0.2031 418.428 4.936 1.037 6.700
LSDA —135.73994683 0.2037 409.925 6.481 1.650 7.665
MPW1PW91 —135.40635738 0.2025 423.608 4.796 1.004 6.612
PBE1PBE -135.33084882 0.2025 423.808 4.831 0.977 6.588
Exp. 336.8> 1.46° 5.0¢£14

aRef.[12], PRef.[9], °Ref.[9], estimated from Fig.3., IRef.[21], estimated value.

For each initial structure, we research it exten-
sively in three ways: (i) Consider all of the possible
structures reported in the previous papers. (ii) Design
different dimensional patterns for W, clusters; e.g., for
W3, the linear structure, the planar equilateral trian-
gle or isosceles triangle or unsymmetric triangle are all
designed. (iii) Adding a tungsten atom to the different
places of the W, clusters which have been optimized,
we can obtain W, clusters.

3. Results and discussion

3.1. Geometries of W,, (n = 2-14) clus-
ters

The lowest energy structures, some meta-stable
isomers, and symmetries for W,, (n = 2-14) clusters

are presented in Fig.1. According to the calculations,
the spin multiplicity of ground states for W,, (n = 2—
14) clusters are all singlet except Ws3. For Ws, the
ground state 3a(3) is spin triplet and has an equi-
lateral triangle geometry with Ds;, symmetry, con-
sistent with the previous theoretical results.!'3—15:22]
However, the spin singlet state 3a(1) has an isosceles
triangle geometry with C5, symmetry, only 0.123 eV
higher than the spin triplet, which is a competitive
candidate for the ground state. There is a negative
vibrational frequency for the 3b(1) structure, so it is
a saddle point of the potential energy surface. For
Wy, the ground state 4a(1) has a tetrahedral geom-
etry with spin singlet state, while the other isomer
4b(1) with a plane rhombus is 0.225 eV higher than
4a(1). This result is in agreement with the result ob-
tained by Lin and Cai,'®?? different from Zhang and
Yamaguchi.['*15] For W, our result is consistent with
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the result obtained by Yamaguchi et al.l'®l For W,
we find that the lowest energy state is spin singlet,
and it has a twisted octahedron or twisted trigonal
prism geometry with C7 symmetry. This result is in-
consistent with the result by Yamaguchi et al.[*5! For
W7 Wiy, our results are different from Lin et al,'®!
who predicted that the ground state of W7 is a dec-
ahedron geometry. For n > 7, the geometry of W,
can be taken as growing on the basis of decahedron

o9

2a(1) Doop 3a(1) Coy 3a(3) Dsp,

4b(1) Cgh 5a(1) Dgh 6a(1) Cl
@

9a(1) Dgh 10a(1) Cs

12b(1) Cs

L <

geometry by adding W atom continually. In our cal-
culations, the Wy structure is a bicapped five-sided
rings. For n > 7, the growth patterns are cage or
prolate, containing small unit. For example, n = 8-
10, the geometries include the unit of Wg; n = 11-14,
the geometries include the unit of W7. Especially, the
W1 can be understood as the immediate consequence
of nestification in which double W57 share two common

W atoms.

R

3b(1) Cay

73(1) Cay

11a(1) C4

13b(1) Cq

Fig.1. The geometries and symmetries of W,, (n = 2-14) clusters.

3.2. Relative stabilities of W,, (n = 2 —
14) clusters

The relative stabilities of the different sized clus-
ters can be predicted by calculating the average bind-
ing energy, the first-order difference and the second-
order difference of total energy which can be defined

by the following formulas:

Byt = "EOT) - B(W,) O

A E(Wy) = E(Wnia) + E(Wn1) = 2E(Wy), (3)

where F is the total energy of the system. The av-
erage binding energy (Ej), the first-order difference
(AE) and the second-order difference of total energy
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(A2 E) for ground states of W, clusters are plotted in
Figs.2—4, respectively. Ej refers to the binding energy
per atom, AFE refers to the capacity of removing a W
atom from tungsten clusters, AsF is a sensitive quan-
tity characterizing relative stability of atomic clusters,
which can be compared directly with the relative mass
spectrum abundance of clusters in experiments. From
Fig.2, it can be seen that the average binding energy
increases monotonically with cluster size. Thus, the
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Fig.2. The Ej/atom versus n.
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Fig.4. The AsE versus n.

clusters can continue to gain energy during the grow-
ing process. Moreover, the curve reveals that the local
peak appears at n = 13, indicating that Wi3 is more
stable than its neighbors, which can also be obtained
from Figs.3 and 4. From Fig.3 we can see that the
local peaks are found at n = 2, 6, 9, and 13 while the
local minima are found at n = 3, 7 and 11. From Fig.4
we can see that the local peaks are found at n = 2, 6,
9, and 13 while the local minima are found at n = 4,
7 and 11. These results indicate that Wg, Wy, and
W13 are more stable than their neighbors while W
and Wi, are less stable than their neighbors. W7 is
less stable perhaps because it is a turning point from
nonmetallic to metallic features of tungsten clusters.
W11 is less stable perhaps because its geometry expe-
riences a transition from cage to prolate. The magic
numbers of tungsten clusters are inconsistent with the

(18] This is because the

results obtained by Lin et al.
structures are not the global minimum, but the local
minimum growing on the basis of decahedron geome-

try of W7 for n > 7.

3.3. Analysis of metallic features

In order to have a better perspective on the metal-
lic features of tungsten clusters, we calculate the ver-
tical ionization potential (difference between the en-
ergies of the cation and the neutral at the neutral ge-
ometry, VIP) and energy gap (difference between the
energies of highest occupied molecular orbit (HOMO)
and lowest unoccupied molecular orbit (LUMO), the
Gap). The VIP and the Gap versus the size of cluster
are shown in Figs.5 and 6, respectively.

VIP /eV
/
\

Fig.5. The VIP versus n.
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Fig.6. The Gap versus n (LSDA).

Figure 5 presents the VIP versus size. The VIP
decreases monotonically with the cluster size, which
is the characteristic of transition from nonmetal to
metallic behavior.[®! This trend can also be seen in
Fig.6.

Figure 6 presents the energy gap (Gap) between
HOMO and LUMO for W,, (n = 2-14) clusters. From
Fig.6 we can see that the energy gap decreases with
the cluster size. Finally, it no longer has the separate-
molecular-behavior characteristic, but shows the bulk
phase energy level. Generally, a cluster with a larger
(non-zero) HOMO-LUMO gap exhibits semiconduct-
ing behavior while a cluster with smaller (nearly van-
ishing) HOMO-LUMO gap exhibits metallic behavior.
As can be seen from Fig.6, the HOMO-LUMO gap
is relatively large (0.451 eV-0.573 eV) for n = 2-7,
suggesting the nonmetallic features in these clusters.
For n = 8, the HOMO-LUMO gap decreases sharply,
and becomes particularly small (0.072 eV), indicating
that the metallic properties may appear at this cluster
size. It should be noticed that a metallic property be-
gins from small clusters such as n = 102324 in many
metals. For n = 8-10, the HOMO-LUMO gap dis-

|

n =8 HOMO-56

n =9 HOMO-63

plays oscillating tendency. The gap is only 0.055 eV
at n = 10, indicating that Wy also appears metallic
properties. For n = 11-14, the HOMO-LUMO gap
displays a slight decreasing tendency, and is relatively
small (below 0.054 eV). Therefore, the appearance of
metallic features of tungsten clusters can be set at
n = 10. This result is in good agreement with the
available experimental data.[!7]

In order to test the reliability of the energy gap
of W,, (n = 2-14) clusters, we also calculate it at
B3LYP/Lanl2DZ level.
Fig.7. We find that the two calculated energy gaps
For W, (n = 2-14)
clusters, the variations of the energy gaps obtained by
using LSDA and B3LYP procedures agree well with
each other.

The results are shown in

all decrease with cluster size.
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Fig.7. The Gap versus n (B3LYP).

In addition, to further confirm the results, the
HOMO orbits of Wg, Wy and Wy, are calculated, as
shown in Fig.8. The HOMO orbits in Wg and Wy are
contributed by W atoms, the electron distribution is
delocalized, as expected for metallic bonding. Yet in
Wy cluster, the electrons are localized considerably.

n =10 HOMO-70

Fig.8. The part HOMO (n = 8, 9, 10).
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Moreover, in order to gain a more profound in-
sight into the metallic evolution of tungsten clusters,
we study the s-d hybridization of W atoms. The av-
erage electronic number of 6s and 5d of W atoms is
presented in Table 2. The electronic number of 6s ap-
pears oscillation at n = 2-4, depending on the tran-
sition from noncovalent bond to covalent bond. The
electronic number of 6s orbit is less than 2, decreasing
gradually at n > 4. While the electronic numbers of
5d orbit is more than 4, increasing gradually at n > 4.
It is well known that the outer valence electron con-
figuration of free W atom is 5d*6s2, and there is a
strong hybridization occurs between 5d and 6s of the
W atom at n > 4. Especially at n = 10, the electronic

Table 2. The average electronic number of 6s and 5d (W).

number of 6s orbit is minimum (0.56 e), so the hy-
bridization is more significant, accounting as the tran-
sition from covalent bond to metallic bond at the size
n = 10. These results further confirm that the evolu-
tion of the W,, cluster from the nonmetallic to metallic
features takes place at Wyy.

4. Conclusion

In summary, we have studied the structures and
electronic properties of W,, (n = 2-14) clusters from
first-principles, including their lowest-energy struc-
tures, relative stabilities and metallic features. We
found that: (i) Ws, Wy, and Wi3 are the magic clus-
ters with higher stabilities while W7 and Wy, were
less stable. (ii) The tendency of HOMO-LUMO gap
change agrees well with those obtained from LSDA
and B3LYP level. For n =8 and n > 10, the HOMO-
LUMO gap is obviously small. So the appearance of
metallic features of tungsten clusters could be set at
n = 10. (iii) The atomic orbits exhibit hybridizations
with the increase of cluster size, e.g., the hybridiza-
tions between the 6s orbit and 5d orbit lead to cova-
lent bond nature in the clusters for n < 10. Further
hybridizations of atomic orbits might lead to both the
overlaps of the 65 orbit and 5d orbit and the formation
of the metallic bond. The hybridizations of atomic or-
bits result in the transition from covalent bonding to
metallic bonding for n > 10.

cluster size 6s 5d
2 1.00 5.01
3 1.13 4.71
4 0.96 4.66
5 0.86 4.75
6 0.73 4.90
7 0.71 4.92
8 0.68 4.95
9 0.62 4.97
10 0.56 4.99
11 0.96 5.02
12 0.92 5.06
13 0.60 4.96
14 0.63 4.96
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