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Nonmetal-metal transition in Zn, (n=2-20) clusters
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By using density functional calculation with generalized gradient approximation, we have studied the struc-
tural and electronic properties of the zinc clusters. The lowest-energy structures @f-Z2—-20) clusters are
determined. Three kinds of growth pathways are obtained in the small zinc clusters frpio Zng and
tetrahedron-based structures have favorable energy. The zinc clusters with 7—16 atoms are semiconductorlike.
A structural transition from low coordination cagelike to high coordination compact structures is obtained
around Zn,. The Zn, clusters withn=4, 7, 9, 10, 14, 18, 20 show relatively high stability, consistent with the
electron shell model and mass spectra. The ionization potentials of thelusiers are calculated and com-
pared with conducting sphere droplet model. The size evolution of zinc clusters from van der Waals to covalent
and bulk metallic behavior is discussed. The Zn clusters show stronger metallicity than the Cd and Hg clusters
with same size.
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I. INTRODUCTION field electronic structure calculations are done with a conver-
gence criterion of 10° a.u. on the total energy and electron
The transition from van der Waals to covalent and finallydensity. Geometry optimizations are performed using the
metallic bonding in the clusters of group 12 elemefia,  Broyden-Fletcher-Goldfarb-Shanno algorithm, with a con-
Cd, and Hg is an interesting topic in cluster physis-15.  vergence criterion of 10° a.u on the gradient and displace-
Since the group 12 atoms hasé closed-shell atomic con- ment. The current scheme gives an atomic ionization poten-
figuration like the helium, their dimers are van der Waals-tial as 9.9 eV and bulk cohesive energy as 0.88 eV/atom for
like. However, the bulk phase of Zn, Cd, and Hg are allzn atom, in reasonable agreement with the experimental
metallic because of the overlap between shendp bands. value 9.39 eV and 1.35 eV, respectively. To obtain the global
Among the clusters of group 12 elements, most availablgninimum structure of zinc clusters, we use a combination
experimental and theoretical studies are on thg elgsters  technique of empirical genetic algorithm search of structural
[6—10,15, while there are also some works on d@-5].  isomers[18—20 and GGA local optimization. Gupta-like
The knowledge on zinc clusters is most limited so far. Ex-many-body potential is used in the empirical simulations
perimental studies on zinc clusters beyond, Aimer have [21]. As shown in previous works, such approach provides
only been done with mass speci26]. There are a few an efficient way to locate the lowest-energy structures of
ab initio calculations on small zinc clusters with up to six atomic clusters at accuracy level of GG3,22,23.
atoms[13]. Therefore, first principle calculations on Zn
clusters up to larger size are essential to illustrate the size-
dependent transition from van der Waals to covalent and me- Il. RESULTS AND DISCUSSION
tallic. It is also interesting to compare the nonmetal-metal
transition behavior of Zn clusters with those of Cd and Hg, In Table I, we compare the present GGA results with pre-

since the bulk Zn shows stronger metallicity than Cd and HgVious high-level quantum chemistry calculations using
coupled-cluster§CC) method[13] from Zn, to Zng. It is

known that density functional calculations cannot describe
the van der Waals interactions well. Thus, it is not surprising
In this paper, we perform density functional calculationsto find certain great differences between the GGA and the

on Zn, (n=2-20) clusters by using themoL packagd 16]. CC calculations for smallest clustersZand Zn,. For Znn,
The effective core potential and a double numerical basishe binding energy and bond length are 0.027 eV and 3.37 A
including d-polarization function are chosen. The densityin current GGA calculation, while they are only 0.012 eV
functional is treated by the generalized gradient approximaand 3.96 A in CC calculation, respectively. ForsZmve find
tion (GGA) and the exchange-correlation potential param-an equilateral triangle structure with bond length 3.08 A at
etrized by Perdew and Wand7] is used. Self-consistent GGA level, while it is 3.75 A in CC calculation. However,
for larger clusters with more than four atoms, the discrep-
ancy is becoming small and reasonably down to 10% be-
*Mailing address: Chemistry Division, Argonne National Labora- tween DF-GGA and CC results. These results demonstrate
tory, Argonne, IL 60439, USA. Email: jlwang@anl.gov that the present method cannot treat van der Waals interac-
"Present address: Institute for Shock Physics, Washington Statéons well for smallest clusters. As the cluster becomes
University, Pullman, WA 99164, USA. Email: jzhao@wsu.edu larger, the bonding in clusters will become more covalent or
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TABLE I. Bond lengthsr, binding energies per atorg,, vertical ionization potentials IRPeV), and
vibrational frequencies» (cm 1), compared with coupled-cluster results and experimental data en Zn

dimer[13].
Zn,, chain O..n)
r (A) E,/n (eV) IP (eV) o (cm™ 1)
GGA 3.37 0.027 8.24 43.1
cC 3.96 0.012 22
expt. 0.017 26
Zng, triangle Cs,)
r (&) E,/n (eV) IP (eV) o (cm™ 1)
GGA 3.08 0.073 7.97 59.9
CcC 3.75 0.030 8.25 28.2
Zn,, tetrahedron Ty)
r (A) E,/n (eV) IP (eV) o (cm™ 1)
GGA 2.84 0.172 7.98 94.5
CcC 2.94 0.097 7.77 81.2
Zng, trigonal bipyramid D3p)
ry (A) ry (R) Ep/n (eV) IP (eV) o (cm™ 1)
GGA 2.78 3.10 0.172 7.37 61.5
CcC 2.89 3.25 0.100 7.29 58.6
Zng, octahedron @)
r (A) E,/n (eV) IP (eV) o (cm™ 1)
GGA 3.25 0.119 7.09 34.0
cC 3.60 0.063 7.32 27.4
Zng, trigonal bipyramid C,,)
ry (A) r, (R) Ep/n (eV) IP (eV) o (cm™ )
GGA 3.00 3.10 0.175 6.98
CcC 3.03 3.55 0.101 7.13

even metallic. Hence the GGA calculations are expected toapped pentagonal bipyramid ¢)7 is a local minima. For
describe the cluster properties to a satisfactory extent. Zng, although little energy difference is found among the
The lowest-energy structure and their metastable configlisomers, the capped pentagonal bipyramic)(®as favor-
rations of Zn, clusters up tm=8 are plotted in Fig. 1. For able energy compared with three-capped octahedron
the clusters larger than three atoms, three-dimensi@ial  (8b,AE=0.003 eV) and a capped trigonal bipyramid
configurations are preferred. For example, in the case gf Zn (8¢c,AE=0.007 eV). Similar lowest-energy structure was
tetrahedron structure @ with bond length 2.84 A is more found in Gg cluster [23], implying the appearance of
stable than a planar rhombus @ with energy AE covalent bond around Zrcluster.
=0.089 eV. The lowest-energy structure fors4s a trigonal Combined the above discussion and Fig. 1, three kinds of
bipyramid (%) that has lower energy than a square pyramidgrowth pathways are derived in the small cluster size range
(5b, AE=0.056 eV} and “W-shaped” planar structure from Zn, to Zng. One is based on the tetrahedron structure
(5¢, AE=0.075 eV). The compact structures found forZn (4a), that is, 44—5a—6a—7a—8c . This growth path-
to Zng are the same as those for ground-state configurationsay represents the lowest energy structures up to the size of
of noble gas clusterg25], implying the nature of van der seven atoms. Then it is replaced by pentagon-based structure
Waals-like bonding in these smallest zinc clusters. in Zng. The second growth pathway is based on planar rhom-
In the case of Zg trigonal bipyramid (&) is lower in  bus and represents the trend of planarlike structure, that is,
energy than octahedron HGAE=0.057 eV) and distorted 4b—5c—6c—7c. The obtained structures through this
planar triangle withD 3, symmetry (&€, AE=0.059 eV). As pathway correspond to higher energy and are less stable.
for Zn;, the pentagonal bipyramid b is not obtained as Meanwhile, starting from the planar rhombus, another
ground-state structure, while trigonal bipyramidaj7is  growth pathway, #—5b—6b—7b, is found to be more
found to be more stable bAE=0.014 eV, and a face- stable than the planarlike structures. This also infers that
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FIG. 2. The lowest-energy and metastable structures for
medium-sized Zpclusters:n=9-20.

ing from TTP Zny subunit. These are very similar to the
growth pattern of Ggclusters[23]. The similarity between
Zn, and Gg in the size ranger(=8-16) implies that the
Zn, clusters are semiconductinglike. Such transition can be
further supported by the-p band gap(see Fig. 4, which

will be discussed later. It is interesting to note that icosahe-
dral structures is not found as the lowest-energy structrure
for Zny3 cluster, while our previous GGA calculations have
obtained icosahedron-based structures fo{;Cg [5]. The

8a b 8c icosahedron (18) or cuboctahedron (X3 are all found as
local minima for Zn3, while icosahedron is more stable than
ﬁ:uboctahedron structure hyE=0.009 eV. Similar results

FIG. 1. The lowest-energy and metastable structures for sma

Zn, clustersn=3-8. are found in the cluster Bg[22] and Aus [24] in our pre-
vious work.

three-dimensional configuration is more stable than planar A structural transition from low coordination cagelike to

structure even in small zinc clusters. high coordination compact structure is found around-Zn

In Fig. 2, we present the lowest-energy structure and som&he most stable structure for Znis ellipsoid comprising
isomer for larger Zp clusters withn=9-20. For Zg, we tetrahedral, pentagonal, and hexagonal subunits with one-
find a tricapped trigonal prisriTTP) as ground-state struc- atom center. The growth pattern continues for;gZand
ture, while the bicapped pentagonal bipyramid is nearly enspherical structure is obtained as ground-state geometry. The
ergetically degenerateA€=0.0004 eV). The latter one has characteristics is very similar to Bg ;g clusters[22], but
been predicted as lowest-energy structure of, Gleisters different from Cd-,_ g clusters[5] However, for Zpg, TTP
[23]. The Znyand Zn; are square antiprism with {7 sym-  Zng growth pattern appears again and can be viewed as three
metry and tricapped square antiprism, which can be obtaineititerpenetrating Zs layered structure. Similar to Zg, the
by one or two atoms capped on TTPgZmespectively. Simi- icosahedron or cuboctahedron is not the ground state struc-
larly, the lowest-energy structures in our calculations forture for Zng. For Znyg, layer-capped structure (2D is
Zn;, and Zn; can also be seen as distortedyf1lus three- found more stable than BOby AE=0.047 eV, while the
capped and four-capped atoms. The favorable geometry fdatter one is predicted as lowest-energy structure foy,Cd
Zny,, Zn;s, and Zng are layered structures based on two These results also indicate that the bonding in these Zn clus-
interpenetrating Znby minus or plus an atom, respectively. ters is very different from van der Waals-like or covalent.
Therefore, the clusters with=10-16 can be seen as grow- The appearance of high-coordination compact structure
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der Waals to covalent and metallic cohesion on Zn clusters,
we can examine the-p band gap. As shown in Fig. 4, the
o . o gap between the highest occupied molecular orH&MO)
FIG. 3. Binding energy, second dlfferenc_e of binding energy,and lowest unoccupied molecular orbitdlUMO) of Zn,
%r;dnfLangzeont energy of Zrclusters as a function of cluster sime | ;sters decreases rapidly from 4.59 eV fopZn 1.6 eV for
: Zng and become smoothly decreasing afterwards up to 16.
However, the decreasing trend is marked from 16 to 17 and
suggests that metallic cohesion becomes dominated in thebecomes smooth again in the range of 18—20. These may
clusters. also support the point that the transitions from van der Waal
The binding energyE, per atom of Zp cluster is de- to covalent bond and to metallic bond occur around 8 and 17,
scribed as a function of cluster simen Fig. 3@). Two sec-  respectively. It is worthwhile to point out that the size depen-
tions of rapid increase in binding energy are found in thedence of HOMO-LUMO gap of Zpis different from those
range ofn=2-4 and 8—10. The first one corresponds to theof divalent metal cluster Bg Cd,, and Hg,. The transition
2D to 3D transition and a significant decrease of bond lengtfirom van der Waals to covalent and metallic behavior i Zn
from 3.37 A to 2.84 A. Similar decreasing trend was alsoiS more rapid than that in Gdand Hg,, but is slower than
found in the small beryllium clustef®2]. The second pro- that in B, clusters. For example, the HOMO-LUMO gap of
nounced increase comes from the transition from van de£n, clusters decreases from 4.59 eV for,Z0 0.68 eV for
Waals to covalent bond. Therefore, the two stéds-7, Zny, while the band gaps for Beand Bg, are 1.81 eV and
10-16 in Fig. 3(@) can be understood as van der Waal bond-0.4 eV. However, the band gaps for Cahd Cd, are 3.94 eV
ing and covalent bonding, respectively. On the contrary, aland 0.86 eV and for Hgand Hg, are 3.43 eV and 1.8 eV,
though the transition from semiconductorlike to metallike respectively.
bond is around Zyy, the binding energy shows little change.  Figures 3b) and 3c) give second difference of binding
From above discussions, we can clearly see how the zinenergy A,E(n)=E(n+1)+E(n—1)—2E(n), and frag-
clusters evolve from the molecular states to covalent andgnent energyAE(n)=E(n)—E(n—1) of Zn, clusters as
bulk metallic states as the size increases. In small zinc clugunctions of cluster size. It is well known that,E(n) is a
ters, the 8 valence electrons are dominant in determiningsensitive quantity that reflects the relative stability of clus-
the cluster property. Since the electronic configuration ofers, whileAE(n) describes the capability of losing an atom.
zinc atom (42) is similar to helium, it is natural to under- Maxima are found av=4,7,9,10,14 fot\ ,E(n), which may
stand that the small Zn(n=2-6) clusters exhibit certain be understood by magic number of total valence electrons as
noble gaslike behaviors. As the cluster size increases, th&14,18,20,28 predicted by electronic shell mod2|3].
hybridizations of atomic orhitals, e.g., the hybridizations be-Similar electron shell effect has been found in other divalent
tween thes states and unoccupiguistates, lead to covalent metal clusters such as ¢dBe,, and Hg, clusterg5,15,23.
bond nature in the clusters with=8-16. The further hy- Different from other divalent metal clusters, gris found
bridizations of orbitals may lead to the overlaps of the more stable than Zn. In experiments, mass spectra verify
states ang states and the metallization. The transition fromthat the clusters witin=10,18,20 are the most stable ones

2 4 6 8 10 12 14 16 18 20
cluster size n
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[26]. Fragment energAE(n) also indicate that the clusters 9.0

with n=4,7,9,10,14,18,20 are most stable compared to the " —e—DFT

neighbor clusters. However, fragment energy o§ Ensome 85 _.o--csD

higher than that of Zp, which may explain why the growth [ /'
8.0 |- [

pathway of larger clusters Zn 4¢is on the basis of TTP zn .
instead of Zny. s [ /
The ionization potential is one of the most important “
guantities that can be used to signal the onset of metaIIic'g 7oL /
characteristics in the metal cluster. For alkali clusters sucha®@ | .
Na,, K, , the IPs converge to its bulk limitvork function of
solid) linearly withn~*3 (or 1R, Ris the cluster radiyg3].
Such behavior can be modeled by a conducting spherica’
droplet(CSD) model[27,28, which considers the cluster as X o™
metallic spherical droplet and may even include some quan  ss| ?Ff
tum effect correctiofi28]. For divalent metal cluster Hd 7],
the 1R law given by the CSD model is broken down below 50 —
a certain critical cluster size, i.e, 260 atoms, correspond- 03 04 05 08 07 08
ing to the nonmetallic behavior in those small clusters. Cluster size n™”
We calculate the vertical ionization potentidl®s) from o i )
the total energy difference between the ground-state neutra| 'CG: 5- lonization potential§lPs) vs cluster sizen for Zn,.
Zn, and the cationic Zrh clusters. In Fig. 5, the IPs of Zn Connected open circles: DFT calculations; dashed line: CSD model.

are plotted as a function of** and compared along with  (2) The transition from van der Waals to covalent bond
the prediction of classical CSD mode8]. We find that the  happens around Zpwhile the transition to metallic bond is
discrepancy of CSD model and theoretical values decreasegound zg;.

rapidly as the cluster size increases.mapproaches 20, the  (3) The binding energy, second difference of binding en-
discrepancy between density functional theDyT) calcu-  ergy, fragment energy, and ionization potentials show that
lations and CSD model becomes rather small, indicating thathe clusters witm=4,7,9,10,14,18,20 are more stable than
the Zn, clusters withn=20 become close to a metallic drop- their neighboring clusters, corresponding to electronic shell
let. Relatively high ionization potentials are found in the model.

clusters withn=4,7,17,20, which can be understood by the  (4) The zinc clusters show more rapidly transition toward
electronic shell model. bulk metallicity than Cd and Hg clusters.

als (eV)

tion p

65| / -t

6.0 |-

oniza
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