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The lowest-energy structures and electronic properties of the lead clusters are studied by density-functional-
theory calculations with Becke-Lee-Yang-Parr gradient correction. The lowest-energy structures(onf Pb
=2-22 clusters are determined from a number of structural isomers, which are generated from empirical
genetic algorithm simulations. The competition between atom-centered compact structures and layered stack-
ing structures leads to the alternative appearance of the two types of structures as global minimum. The size
evolution of geometric and electronic properties from covalent bonding towards bulk metallic behavior in Pb
clusters is discussed.
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[. INTRODUCTION dependent electronic properties are discussed. An interesting
) coexistence and competition of two structural growth pat-
During the past decade, the clusters of group-IV elementgns je., prolate layered structures, more-spherical atom-
have been intensively studigd-34). It is of fundamental centered compact structures, is found in the size range of
importantance to elucidate the transition from microscopiq, =14-22 A transition from layered structure to atom-

molecular states to macroscopic solid character. Comparegniered compact structure is found at,Plmplying a
with the comprehensive understanding of silid@+9] and  q4yalent-to-metallic transition.

germanium cluster6,10-14, our knowledge on the heavier
lead clusters is more restricted. It is known that the bulk lead
solid is metallic, in contrast to the bulk silicon and germa-
nium semiconductor crystals. Thus it is particularly interest- |5 this work, electronic structure calculations on,Pb
ing to exploit whether the small lead cluster is semimetalliczz_zz clusters have been performed by using the density-
or metallic. Furthermore, if the small lead clusters are Semifunctional pMoL package[35]. The density functional is
metallic with covalent bonding like giand Gg clgs’;ers, al  treated with Becke’§36] gradient-corrected exchange poten-
which size will thg lead clusters become metalllc.. . tial and Lee-Yang-Parr gradient-corrected correlation poten-
Previous experimental works on lead clusters include disgio| (g1 yp) [37]. The effective core potential considering
sociation energielS], mass spectrfl6-1§, ionization po- oy the valence electrons of PB8] and the well-optimized
tentials (IP§) [19], photoelectron spectroscopy and electrong,pie numerical basis including-polarization function
affinity (EA) [20,21], chemical reactivity[22,23, and in- (DND) [35] are chosen.
jected ion drift tub_e megsurememm]. ) . To search the global minimum structure of lead clusters,
On the theoretical side, accurate first-principles calculaye <ombined an empirical genetic algorithi®A) simula-
tions on Ph clusters are limited in 'smaII size, i.e., withm .0 [14,39-44,4% with local optimization at BLYP level.
=10[25-29. Larger PR clusters with more than ten atoms e essential purpose in empirical GA simulations is to di-
have only been studied by spherically averaged pseudopote(yje the potential-energy surfad®ES into a number of
tial calculations[30], semiempirical calculations based on eqinns and find a locally stable isomer to represent each
MNDO approximation[31], and empirical many-body po- region. Although these isomers may not be described very
tentials[32,33. Therefore an unbiased structural minimiza- accurately by empirical total-energy models used in GA, the
tion incorporated with first-principles calculations are essen;inima from empirical simulation might make a reasonable
tial to understand the bonding character and to illustrate thgampling of the PES and will be further optimized by first-
transition towards metallic behavior of lead clusters. In thisprinciples density-functional calculatiof®FT) calculations.
work, we perform density-functional calculations on the , yhe GA global optimization, the PES of lead clusters is
Ph, (n=2-22 clusters. The geometric structures and Siz€-approximated by a many-body empirical potenfies] fitted
for bulk lead solid as well as a semiempirical tight-binding
total-energy model fitted for germaniufh3] with a uniform
*Email address: hyblwang@pub.hy.jsinfo.net rescaling of bond length. The efficiency and validity of the
TCorresponding author. Email address: zhaojj@mailaps.org empirical-first-principles hybrid scheme were demonstrated
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FIG. 1. Lowest-energy structures and metastable isomers fp(r2t?—13 clusters.

in our previous work$14,41—-44. The details of GA can be sented in Fig. 1 fon=2-13 andFig. 2 forn=14-22 and our

found in our early publicationsl4,40-44 and recent review main theoretical results are summarized in Table I. From our
[46]. The lowest-energy structures of atomic clusters havesLYP calculations, the bond length, binding energy, and vi-
been obtained at the BLYP accuracy level up to mediumyration frequency obtained for lead dimer is 3.07 A, 1.43 eV,

size, i.e.,n=22, in this work. and 111.1 crt, respectively. As compared with experimen-
IIl. LOWEST-ENERGY STRUCTURES tal results(2.93 A, 0.86 eV, 110 Cﬁ’]‘), the bond Iength and
OF LEAD CLUSTERS vibration frequency are well reproduced, while the binding
energy is overestimated.
A. Smaller Pb, cluster with n<13 For the Pb dimer, we have examined the effect of basis

The lowest-energy structures and some representativeet, effective core potential, and GGA function@.g.,
metastable isomers obtained for neutra), Elosters are pre- Perdew-Wang 1991PW9J) instead of BLYR on the theo-

N ®s

20c 20d 20e 21a

FIG. 2. Lowest-energy structures and metastable isomers fp(r2id4—22 clusters.
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TABLE I. Lowest-energy configurations and electronic proper-square bipyramid by 0.63 eV and a planar edge capped
ties of Ph clusters.E, (eV): binding energy per atomA (eV):  rhombus by 0.83 eV. The Pb-Pb distance in the trigonal bi-

HOMO-LUMO gap. pyramid is 3.11 and 4.22 A, which are comparable to previ-
ous MRSDCI results as 3.02 and 4.04%8].
n Geometry Eb A A face-capped trigonal bipyramid is obtained forgRis
lowest-energy structuré6a). This structure is found to be
2 dimer 0.72 149 energetically close to a tetragonal bipyraniigh) by AE
3 isosceles triangle 1.28 0.70  =0.12 eV. This lowest-energy structure can also be viewed
4 planar rhombus 1.66 1.13 as a distorted octahedron, which is lower in energy than a
5 trigonal bipyramid 1.72 150  perfect octahedro(6c) by 0.98 eV. The pentagonal pyramid
6 distorted octahedron 185 132 868)4|se\f/ound energetically close to the perfect octahedron by
7 pentagonal bipyramid 1.95 115 In the case of Ph we find a pentagonal bipyramid with
8 capped pentagonal bipyramid 1.92 1.07 Dy, symmetry(7a) as ground state. It is energetically lower
9 bicapped pentagonal bipyramid 1.98 1.22 than a face-capped pentagonal bipyrari@h) by 0.64 eV
10 tetracapped trigonal prism 2.00 1.34 ?mtj g facet-CElppeld k;)_Ctahqud@ kf)y 0-(;9 ?V- ?gfpped dis-
11 istorted incomolete i hedron 1.97 g1 torted pentagonal bipyramid is found for £Ht is more
12 d s:joistti(:te dciosa?: drcc?nsiazz © 5 go ;)gs stable than the isoméBb) with D, symmetry by 0.15 eV,
_ ' ) than a bicapped octahedron withy, symmetry(8c) by 0.71
13 face-capped icosahedron cage 1.99 0.76 eV, and than a bicapped trigonal prism structure Wit}
14 layered structure 1.99 0.98  symmetry(8d) by 0.87 eV. For P§ the ground-state struc-
15 layered structure 1.99 0.78  ture is a bicapped pentagonal bipyramid. Its energy is lower
16 layered structure 2.01 1.13 than that of a tricapped trigonal pris(®5,, 9b) by 0.6 eV
17 layered structure 2.00 0.79 and that of a tricapped octahedr(@t) by 0.78 eV. A capped
18 layered structure 200 078 Square antiprism witle,, symmetry(9d) has a hl_gher energy
19 atom-centered close-packed 198 09s PY 1.11 eV isomer. The most stable geometries fos &
. Ph, are capped pentagonal bipyramid and bicapped pentago-
20 near-spherical compact structure 199 074 | bipyramid, respectively. The geometries of, Rind Pl
21 stacked layered structure 199 0.69 (¢an be easily understood by the growth sequence on the basis
22 compact and stacked structure 198 101 of Pb,. Thus it is not surprising that Rlis more stable than
Pb; and Pl clusters, as we will show in the latter discus-
sions.

retical binding energy. We found that the overestimation of = Tetracapped trigonal prism with;, symmetry is obtained
binding energy is a universal feature and is independent o4s ground state configuration for gbwhich is energetically
the choice of computational settings. Compared to the extower than a square bipyrami®,;,, 10b by 0.52 eV and a
perimental binding energy of other group-IV dimers like tetracapped octahedrdfiy, 100 by 0.7 eV. The higher geo-
Si; (3.21 eV}, Gg, (2.65 €V, and Sp (2.04 eV), the bind-  metric symmetry and the larger highest occupied molecular
ing energy of Pb dimer as 0.86 eV is significantly low. We orbital (HOMO)—lowest unoccupied molecular orbital
argue that the Pbdimer is somewhat weakly bonded like (LUMO) gap[1.34 eV, see Table | and Fig(] obtained for
those divalent metal dimers such as,C4il] and Zn [44]. It Phy,is consistent with the electron shell model that the metal
is known that the DFT calculation cannot reproduce thecluster with 40 valence electrons should represent a major
weak bonding very well. On the other hand, we have alsahell closing. Thus P cluster is expected to be a highly
computed the binding energy for fcc solid of Pb. The theo-inert and stable cluster. The present ground-state structures
retical binding energy is 2.09 eV/atom, which agrees wellpbtained for Pk ;, compare well with previous DFT calcu-
with experimental data 2.03 eV/atom. Thus we expect thafations [29]. These structures of small Polusters withn
our theoretical binding energy will become closer to experi-=3-10 are similar to the ground-state structures obtained for
ments as cluster size increases. Si, [2,5,6 and Gg clusters[13,14] implying those smaller
The minimum-energy structure found for fils an isos-  |ead clusters are covalent bonded.
celes trianglgC,,) with bond length 2.94 A and apex angle  The lowest-energy structure of Rbs an atom-centered
0=80.6". It is energetically lower than the equilateral tri- incompleted icosahedron. This structure can also be viewed
angle structurgbond length: 3.15 Aby 0.37 eV and than as interpenetrating pentagonal bipyramids. Such high com-
the linear chair(bond length: 2.87 Aby 0.12 eV. pactness is a typical characteristic due to metallic bonding,
The ground-state structure of lead tetramer is a planaimplying that the smaller lead cluster of this size starts to
rhombus(D,y,), which has lower energfAE=1.03 e\j than  exhibit some metalliclike behavior. The metastable isomers
a tetrahedron. The side length 3.11 A and diagonal lengtlare the shuttlelike structufd1b), tricapped square antiprism
3.33 A compare well with the bond length 3.04 and 3.23 A(110), and uncompleted icosahedron cafjed) with the total
from previous multireference single- and double-excitationbinding-energy difference bAE=0.58, 0.62, and 0.80 eV,
configuration interactiotMRSDCI) calculationg 17]. respectively. Starting froom=11, the atom-centered close-
The lowest-energy structure found for fis a trigonal  packed structures with metalliclike characteristic are always
bipyramid (D3,). The energy of structure is lower than a found as locally stable minima for the lead clusters.
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2.2 T T T '(a) B. Pb, clusters with n=14-22
-2.04 0-0-9-9-0-9.9-0-¢ -
The lowest-energy structures and some representative
181 f’% i metastable isomers obtained for ,Rh=14-23 are pre-
-1.6 1 sented in Fig. 2. The lowest-energy structures of, @b
% 1.4 i =14-17 follow a prolate pattern with stacks of small sub-
o2 ] units that form layered structures. The 1-5-4-4, 1-5-3-5-1,
’ 1-5-4-5-1, and 1-5-5-5-1 layered structures obtained the
-1.01 - lowest-energy states for b Phys, Pbg and Phy, respec-
0.8 - tively. The layered structures have also been found in
08 ¢ . medium-sized silicon and germanium clusters by previous
: 5 10 15 20 works [14,7]. The similarity of equilibrium structures for
N Ph, Ge, and Sj clusters at the size range afi=14-17
implies that formation of layers with four- or five-member
0.6 ib) | rings is the dominant growth pattern of the medium-sized

group-1V elements clusters and the,Rh=14-17 clusters

] n
» n are covalent bonded. On the other hand, the more-spherical
0.4 f N compact structures are found to be the metastable isomers for
f Ph, (n=14-18. Indeed, the energies of these metalliclike
0.01 n f compact isomers, such &5b), (16b), (17b), and (18b) in
\. = Fig. 2, are rather close to those global minima of the layered
-0.41 " y structures byAE=0.07, 0.64, 0.16, and 0.37 eV, respectively.
[}
L ]

S
° §
(17
< ]
However, the layered stacking structural pattern does not
-0.8 - continue at Pl different from Gegg and Sig clusters. In-
Y r . stead, the lowest-energy structure of;fbonsists of two
0 5 10 15 20 interpenetrated subunits that form a compact structure. An
N atom-centered compact structure is obtained for the ground
1.6 ' T T : states of Ph, while the nearly degenerate isomer of;fb
° _ (c) (19 b) is a layered structure bAE=0.05 eV only. Other
1.4 \. . metastable isomers are the ideal fcc-like close-packed octa-
‘E: hedron(19c, Oy, symmetry and double icosahedror{$9d,
8 42 i D5, symmetry by AE=0.57 and 1.32 eV, respectively. A
g cagelike structure with relatively high compactness is ob-
3 1o A | tained as the ground state of RbCompact structures are
o found as metastable isomers of ;pbas shown in(20b),
E 0.8 /\ "/\J4 (_20c), (200),_and(20® in Fig. 2. The m0§t stable configura-
T tion for Phy, is found as a stack of three isomers ofP®d),
which is similar to that obtained for Ggand Ge; [14]. Two
08 5 10 15 20 metastable isomers of Pbas(21b) and (219 in Fig. 2 are

N atom-centered spherical structures. The more-spherical struc-
ture appears again as the lowest-energy state gf Pb
FIG. 3. (a) Binding energy per atom versus cluster size fof;Pb As the cluster size approactr20, the PES of cluster is
(b)second difference of cluster energies as a function of cluster sizeather complicated. Thus our present structures are not guar-
(eV) for n=2-22;(c) HOMO-LUMO gap (eV) versus cluster size anteed to be the lowest-energy ones. However, our theoreti-
n. cal calculations clearly reveal a competition between atom-
centered compact spherical structures and layered stacking
structures in the medium-sized lead clusters. It is interesting
It is interesting to note that close-packed icosahedrajo find the alternative appearance of these two kinds of struc-
structures are not found to be the lowest-energy structure faures that correspond to metallic and semimetallic character-
Phby, and Pl clusters. For Pf, the most stable structure is istics, respectively. The similarity between the ground-state
a strongly distorted icosahedral cage, which has been ofstructures of Ph Si,, and Gg in the size range we studied
tained for Ge, [14]. The metastable isomers are the face-implies that the Pbclusters with up to 20 atoms are more or
capped distorted cad@2b) and the 1-5-4-2 layered structure less still covalent, although some metallic behaviors charac-
(120). For Phs a face capped icosahedron cad®a is  terized by the compact structures are also observed.
more stable than the 1-4-4-4 structfe3b) and the perfect In a previous experiment using injected ion drift tube
atom-centered icosahedr¢t3d). These results indicate that technique[24], it was found that the cationic Pbcluster
the high compactness is not the only factor to dominate théemains near spherical over the experimental size réNge
cluster geometry of Pfat this size range and the bonding of =10-35. Our current theoretical results on lowest-energy
Ph, clusters still possess certain semimetallic characteristicstructures for Pbwith n=10-22 generally agree with the
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experimental observation except at the middle size region of
n=14-18. Similar to semiconducting Sand Gg clusters, IRES
we find a prolate growth pattern for medium-sized, Elus-

ters of n=14-18. However, forn=14-17, near-spherical 3
structures were found as metastable isomers whose energy 5
close to the prolate ones. Moreover, the discrepancy betweeg \ A
theory and experiment might also be partially due to the factg o

that the experiments were carried out on cationic clusters®

Ph,". The addition of a positive charge on the neutral clustersg s 110 |
can induce structural transformation between prolate anc§ Pb,, ’ Pb,,
near-spherical isomers. 2 ]

. 05
IV. ELECTRONIC PROPERTIES OF LEAD CLUSTERS A 00
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The binding energy per atorf, of the ground states of
Ph, clusters as a function of cluster simds plotted in Fig.
3(a). The cluster binding energy increases with cluster Bize  FIG. 4. Density of state€DOS) of the Pl, Pbyo, Pbjg, and Pb;
rapidly up ton<<8 and its size dependence becomes smootklusters. The Fermi level is set as zero. Gaussian broadening of 0.05
at n=10-22. Such behavior can be related to the observeel is used.
structural transition around=10-13. The equilibrium ge- ) ) )
ometries undergo a transition from near-spherical structure tg'@xima for second difference of total energies and HOMO-
prolate geometry anh=14. Our present results on the size -UMO gap(e.g.,n=10, 12, 14, 1Balso implies that relative
dependence of the binding energy of A similar to the stability of the lead clusters is dominated by electron effect

results of Gg[14] and Zn, [44] clusters in our previous DFT instead of geometry packing. In Fig.(c3 the HOMO-
calculations. LUMO gap of Pk, generally decreases as cluster sizi-

We plot the second difference of total energies defined byff"€ases, indicating a trend of covalent-to-metallic transition.
AE=E(n+1)+E(n-1)-2E(n) in Fig. Ab), which is a sen- owever, for all PR clusters studied, their HOMO-LUMO
sitive quantity that characterizes the stability of cluster, as aps are still higher thaf‘ 0.6 eV up te=22. This result
function of cluster size. Local maximum peaks fE are u_rther Supports our previous argument that thg &lbsters
found atn=4, 7, 10, 12, 14, 16, 18, and 21, indicating thatith Up to 20 atoms are still mostly covalent. .
the cluster with these values nfmight be more stable than We further investigate the SIz€ evolution elec_tronlc Prop-
their neighboring clusters. Previous experiments have reS'ties of lead clusters by examining the electronic density of
corded the mass spectra of anionic or cationic lead cIusteEates(DOS) of several representative lead clusterss,Pb

and found the “magic numbers” as peaks of the cluster abu ~Dio, Phy, and PBl.‘ As shown in Fig. 4, the energy levels
dance an=7, 10, 13, 15, 17, 19 for PH16-1§ and atn or cluster PR are discrete, and thiaandsppeaks are clearly
=7, 10, and partly 15 for Pb{20]. Compared with experi- separated. The DOS of Rpis still sparse and discrete al-
ments, the two major magic numbersnat7 and 10 for both though thed_ andsp energy levels are gradually broadened.
cationic and anionic clusters are well reproduced by our caI'—A‘S cluster size further increases, thandsplevels broaden,

culations, while the discrepancy in other sizes might be at-Shift.’ and overlap with gach other. Thus continuouslike elec-
pancy g ronic bands are found in Rpand Ph;.

tributed to the different charge states in experiments and thé
oretical calculations. It is also noteworthy that4, 7, and
10 were found to be the magic numbers for smaj] &id

1.0+

Ge, clusters from most of the previous calculations. Again, %% Pb Pb 1
this similarity indicates that the small lead clusters are cova-& 06 1o 19
lent bonded like Siand Gg. 2 94
In Fig. 3(c), we present the energy gap between the high-§ o2
est occupied molecular orbitdHOMO) and lowest unoccu- & ool Y ,
pied molecular orbitalLUMO) for the lowest-energy state % —_—
of Ph, (n=2-22 clusters. Generally, higher-energy gap © °8 16
should make the clusters to be more stable and more abur-‘?,,' 06 1 2]
dant. The HOMO-LUMO gap is relatively higher for Pb . PP ' Pb,,,
with n=2, 5, 10, 12, 14, 16, 19, and 22, respectively. Indeed, ~ 081
Pb,, Ph;, and Ph, with 8, 20, and 40 valence electrons cor- 92 1041 h
respond to the major shell closing of electron shell model. o9 — oot

Particularly, the ground-state Rbcluster has a HOMO- ¢ 4 2 0 2

LUMO gap as high as 1.34 eV and a higher symmé@y,).
On the other hand, a larger energy gap also is found ip,Pb  FIG. 5. Density of state§DOS) of the Phg with different ge-

Phbys, P, Phie, and Ph, clusters without the major closed- ometries. The Fermi level is set as zero. Gaussian broadening of
shell electronic configuration. The coincidence between th®.05 eV is used.

2
Energy(eV)
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To explore the geometry effect on the electronic structuresimilar to those of Si and Ge clusters. Lead clusters follow a
we compare the electronic density of sta(BOS) of Pby  prolate growth pattern starting from=14. The layered
for the four isomers: atom-centered spherical structure; laystacking structures are dominant in the size rangen of
ered stacking structure; fcc-like close-packed octahedrons13-18. However, an atom-centered compact structure is
double icosahedron, as shown in Fig. 5. The cluster elecfound in Phg and there is competition between the atom-
tronic DOS shows remarkable structural sensitivity. Thecentered compact structure and the layered stacking struc-
DOS for atom-centered spherical structiy,) present ture.(ii) The size dependence of binding energy, second dif-
three isolated bands with small energy gap between the coffierence of binding energy, and HOMO-LUMO gap are
duct and valence bands. DOS for layered structitley,)  discussed for the Rlxlusters. Our results indicated that the
displays more uniform distributions in comparison with the clusters withn=4, 7, 10, 12, 16, 18, 21 are more stable than
Phbyg. and Pl Which have the higher symmetry. The DOS their neighboring clusters. The relative stability of the,Pb
of double icosahedron@b,q9 shows continuous electronic clusters is mostly associated to the electron effect instead of
bands at Fermi energy without the energy gap between thgeometry packing effectiii) The covalent-to-metallic tran-
conduction- and valence-band distributions as is evident o$ition starts from Ph, while the PR cluster with about 20
metallic nature. Such structural dependence of electronigtoms still has a finite gap of 1eV and can still be consid-
state can be used to identify the cluster geometries with thered as semimetallic cluster with covalent bonding. Further
aid of experimental spectroscopic measurements. In previougudy on the larger lead clusters witl¥20 to reveal the
works, the theoretical DOS were compared with experimentransition into metallic bonding is still under way.

tal photoelectron spectra for clusters likg, &hd Al, [4,47).
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