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Density-functional study of structures and electronic properties of Cd clusters

Jijun Zhao*
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255

~Received 18 January 2001; published 12 September 2001!

The lowest-energy structures and electronic properties of cadmium clusters are studied by density-functional
theory with the generalized gradient approximation. The equilibrium structures of Cdn (n52 –21) clusters are
determined from a number of structural isomers, which are generated from genetic algorithm simulations with
a tight-binding potential. Various close-packed structures are found for cadmium clusters. Cdn clusters with
n54,9,10,15,17,20 show relatively high stability, which can be related to the electron shell model, and agrees
with experimental results. The density of states for the magic number clusters can also be associated with the
electronic shell. The theoretical ionization potentials of Cdn compare well with experimental values. The size
evolution of electronic properties from van der Waals to covalent and bulk metallic behavior in Cd clusters is
discussed.
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During the past decade, the structural and electronic p
erties of metal clusters have been intensively studied b
theoretically and experimentally@1–4#. It is of fundamental
importance to clarify the transition from molecular states
bulk metallic character in metal-atom clusters. In the parti
lar case of divalent metal clusters, such evolution starts fr
van der Waals–like dimers, in which the atoms haves2

closed-shell atomic configuration like helium and are o
weakly bound. But the bulk solids of these elements
known to be metallic due to the overlap between thes andp
bands. Thus, probing the transition from van der Waals
metallic bonding in divalent metal clusters has been an in
esting topic in cluster physics@5–10,23,24#.

Among the divalent metal clusters, the cadmium clust
have been much less studied so far. Previous experime
work on Cd clusters includes determination of mass spec
metric abundance, ionization potentials~IPs!, and photoelec-
tron spectra@5–7#. In these studies, the effect of electron
shell structures and a rapid transition from van der Waal
metallic behavior have been observed. On the theore
side, the IPs of Cdn clusters up to 55 atoms have been d
scribed by an empirical tight-binding calculation@8#.
Density-functional-theory-~DFT-! based molecular dynam
ics simulated annealing~SA! within the local density ap-
proximation~LDA ! has been employed to search the grou
state structures of Cdn with n<20 @9#. Recently, small Cd
clusters up to Cd6 were calculated using a quantum chemic
method with a relativistic large-core pseudopotential an
coupled-cluster correlation@10#. However, there is still no
first principles calculation of IPs of Cdn with n.6. More-
over, a comparative study of the cohesion of divalent me
dimers using different density-functional approximations h
shown that gradient corrections are significant in determin
the ground state properties of these small clusters@11#.
Therefore, a comprehensive DFT study with gradient corr
tion of Cd clusters is essential to elucidate the transition fr
van der Waals clusters toward metallic clusters.
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In this work, density-functional electronic structure calc
lations of Cdn (n52 –21) clusters have been performed u
ing theDMol package@12#. In theDMol calculations, an effec-
tive core potential and a double numerical basis includingd
polarization function~DND! are chosen. The size of th
DND basis is comparable to Gaussian 6-31G* basis s
However, the numerical basis set is much more accurate
a Gaussian basis set of the same size because it has
numerically optimized@12#. The density functional is treate
by the generalized gradient approximation~GGA! @13#. The
exchange-correlation potential parametrized by Wang
Perdew @14# is used. Self-consistent field calculations a
done with a convergence criterion of 1025 a.u. on the total
energy and electron density. Geometry optimizations are
formed with the Broyden-Fletcher-Goldfarb-Shanno alg
rithm. We use convergence criteria of 1023 a.u on the gra-
dient and displacement, and 1025 a.u. on the total energy in
the geometry optimization.

The SA determination of the cluster global minimal stru
ture based on GGA calculation is rather computationally
pensive for Cdn with n>10. Alternatively, we generate
number of low-energy structural isomers for each cluster s
by using a genetic algorithm@15–17# with a properly fitted
tight-binding potential@18#. The structures obtained from th
empirical simulations are then fully optimized with DFT t
locate the lowest-energy configuration. The essential i
here is to divide the phase space into several regions and
a locally stable isomer to represent each region. Although
energies and structural parameters of these isomers ma
be described very accurately by the empirical potential, th
minima might make a reasonable sampling of the ph
space and can be further optimized by DFT. If there is
significant difference between the DFT and empirical ph
space, the global minimal structure at the GGA level sho
be achieved by this combination of empirical genetic alg
rithm search and GGA minimization. The validity of th
present scheme was checked in the smaller clusters by
creasing the number of structural isomers.

The lowest-energy structures obtained from our calcu
tion are presented in Fig. 1 and described in Table I. For
©2001 The American Physical Society04-1
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FIG. 1. Lowest-energy struc
tures for Cdn (n55 –21) clusters.
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Cd2 dimer, our GGA calculation predicts the bond lengthr
53.29 Å, binding energyEb50.06 eV, and vibrational fre-
quency v556.60 cm21. As compared with high-levelab
initio results (3.96 Å,0.036 eV,20 cm21) and experimen-
tal data (0.039 eV,23 cm21) @19#, the GGA overestimates
the binding of the Cd atoms. It is well known that DF
cannot treat van der Waals interactions well. However, as
cluster size becomes larger, the bonding in cadmium clus
will change to covalent or even metallic so that the GG
calculations are expected to describe the cluster propertie
a satisfactory extent.

For the cadmium trimer, we find an equilateral triang
structure with bond length 3.45 Å. In the case of Cd4, the
tetrahedron structure with bond length 3.28 Å is lower
energy than a planar rhombus byDE50.18 eV. The lowest-
energy structure found for Cd5 is a trigonal bipyramid. These
compact structures of small size, Cd3 –5, are the same as th
ground state configurations of noble gas clusters@3#, imply-
ing van der Waals–like bonding in these smallest cadm
clusters. However, the bond length in these small clus
still might be underestimated due to the limit of DFT.
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The face-capped trigonal bipyramid is obtained as
lowest-energy structure for Cd6, while the octahedron struc
ture is 0.17 eV higher in energy. This structure was a
obtained as the ground state in a previous LDA-SA simu
tion @9#. Two isoenergetic structures, a bicapped trigonal
pyramid and a pentagonal bipyramid, are found for Cd7, with
DE50.008 eV. The bicapped tetrahedron has lower ene
It is worth noting that highly symmetrical polyhedrons lik
the octahedron (Oh) and pentagonal bipyramid (D5h) are
predicted for noble gas hexamers and heptamers as gr
states@20# but they are energetically unfavorable in Cd6 and
Cd7. This difference may be attributed to Jahn-Teller ins
bility in the highly symmetrical structures. For example, t
HOMO level in Cd6 with Oh symmetry is doubly degenerat
and the molecular level below the HOMO is triply degene
ate. All these degeneracies are removed in Cd6 with the
capped trigonal bipyramid (C2v) structure. Therefore, elec
tronic effects start to play an important role in determini
the cluster configuration even in small Cdn clusters down to
n56,7.

An additional atom on the bicapped trigonal bipyramid
Cd7 yields the lowest-energy structure of Cd8, which is 0.014
4-2
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TABLE I. Lowest-energy configurations and electronic properties of small Cdn clusters. BE~eV!, binding
energy per atom;D (eV), gap; IP-I~eV!, theoretical direct IP; IP-II~eV!, theoretical adiabatic IP; IP-III
~eV!, experimental IP@5,6#.

n Geometry BE~eV! D IP-I IP-II IP-III

2 dimer 0.03 3.94 8.09 7.93 7.7
3 equilateral triangle 0.07 3.74 7.80 7.73 7.1
4 tetrahedron 0.13 3.39 7.75 7.75 6.84
5 trigonal bipyramid 0.13 2.86 7.17 6.77 6.68
6 capped trigonal bipyramid 0.14 2.90 7.02 6.95 6.52
7 bicapped trigonal bipyramid 0.15 2.83 6.96 6.39 6.4
8 tricapped trigonal bipyramid 0.17 2.70 6.88 6.30 6.4
9 tricapped trigonal prism 0.19 2.15 6.70 6.34 6.3
10 tetracapped trigonal prism 0.20 1.93 6.28 6.06 5.93
11 interpenetrated pentagonal bipyramids 0.20 2.09 6.39 6.28 5.
12 interpenetrated pentagonal bipyramids 0.20 1.89 6.25 6.18 5.
13 icosahedron 0.19 2.10 6.34 6.27 5.9
14 face-capped icosahedron 0.20 1.88 6.22 6.19 5.9
15 uncompleted double icosahedron 0.24 1.69 6.21 6.16 5.8
16 uncompleted double icosahedron 0.24 1.52 5.96 5.88 5.8
17 uncompleted double icosahedron 0.25 1.38 6.01 5.74 5.7
18 close-packed multicage 0.25 0.92 5.76 5.67 5.63
19 close-packed multicage 0.26 0.89 5.67 5.60 5.5
20 close-packed multicage 0.27 1.56 5.86 5.65 5.45
21 close-packed multicage 0.26 0.86 5.78 5.35 5.37
yr
a-
i-
u
rg
ra
ou
re

na
he

di

n a
nd

est
s
one

l bi-

s
eV
om

n

eV lower in energy than the face-capped pentagonal bip
mid. In a previous LDA-SA simulation, a pentagonal bipyr
mid was obtained for Cd7 and a face-capped pentagonal b
pyramid for Cd8. These structures are also found in o
simulation as metastable isomers with a very small ene
difference, i.e., 0.01 eV, from the lowest-energy configu
tion. Therefore, we argue that the time scale in the previ
LDA-SA study may not be sufficient if there are two or mo
isoenergetic minima in the phase space.

For Cd9, the ground state structure is a tricapped trigo
prism. Its energy is lower than that of the tricapped octa
dron by 0.11 eV. The lowest-energy structure of Cd10 can be
taken as a tetracapped trigonal prism but with a certain

FIG. 2. Second differences of cluster energiesDE(n)5E(n
21)1E(n11)22E(n) as a function of cluster sizen for n
52 –20. The magic number effect of the electron shell atn
54,9,10,17,20 can be identified. See text for details.
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tortion. This structure is energetically more favorable tha
pentagonal bipyramid capped with a triangle by 0.08 eV a
a tricapped pentagonal bipyramid by 0.16 eV. The low
structures found for both Cd11 and Cd12 can be considered a
two interpenetrating pentagonal bipyramids capped with
or two atoms. From Fig. 1, the structures of Cd11 and Cd12
can also be viewed as three interpenetrating pentagona
pyramids.

Icosahedral structures are found for Cdn clusters fromn
513. For Cd13, the energy of an icosahedron with radiu
3.41 Å is lower than that of the cuboctahedron by 0.12
and that of hcp close packing by 0.16 eV. An additional at

FIG. 3. Density of states of Cdn (n54,10,20) clusters. Gaussia
broadenings of 0.05 eV are used.
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JIJUN ZHAO PHYSICAL REVIEW A 64 043204
capped on one face of the icosahedron constitutes the low
energy structure of Cd14. Cd15, Cd16, and Cd17 can be
viewed as uncompleted double icosahedrons. However,
structural pattern does not continue at Cd18 and the structure
of Cd19 is not found to be a double icosahedron. Inste
close-packed multicage structures are obtained for Cdn (n
518–21) ~see Fig. 1!. It is worth noting that 19-atom noble
gas clusters have the double icosahedron structure. The
rent equilibrium structures for Cdn clusters withn>18 imply
that the bonding in these Cd clusters is quite different fr
that in van der Waals–like small clusters.

In Fig. 2, we plot the second differences of cluster en
gies defined by D2E(n)5E(n11)1E(n21)22E(n),
where E(n) is the total energy of Cdn clusters from DFT
calculations. In cluster physics,D2E(n) is a sensitive quan
tity that reflects the stability of clusters and can be direc
compared to the experimental relative abundance. In Fig
maxima are found atn54,9,10,15,17,20. The present r
sults agree with a previous LDA-SA simulation (n
54,7,10,13,15,17,20)@9# and experimental mass spectran
510,15,20) @6,7#. The particularly high stability at Cd4 ,
Cd9 , Cd10, Cd17, and Cd20 might be related to the magi
numbers of total valence electrons 8, 18, 20, 34, and
predicted by the electronic shell model@1,2#. However, the
magic number at Cd18 is not obtained from the present ca
culations although it is observed experimentally@6#.

We further investigate the character of the electronic s
in Cd clusters by examining the electronic density of sta
~DOS!. In Fig. 3, we present the electronic DOS for som
magic number clusters: Cd4 , Cd10, and Cd20. The energy
levels of valence electrons can be identified into groups
correspond to discrete 1s, 1p, 1d, 2s, 1f , 2p, 1g, 2d, and
2s orbitals in the shell model. In previous studies, the d
crete nature of electronic states in cadmium clusters has
observed in the experimental photoelectron spectra and
cussed in the framework of the electron shell model based
the jellium approximation@6,7#. The observation of electron
shells in Cdn clusters indicates that Cdn clusters containing

FIG. 4. Ionization potentials vs cluster sizen for Cdn . Stars,
experimental data@5,6#; connected open circles, DFT calculation
on adiabatic IPs; dashed line, CSD model.
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more than a few atoms may already have some metallic
features that are similar to alkali-metal clusters.

The ionization potential of a metal cluster is one of t
most important quantities that can signal the onset of me
lic characteristics in the microcluster. For alkali-metal clu
ters such as Nan and Kn , the IP converges to its bulk limi
~work function of the solid! linearly with n21/3 ~or 1/R,
where R is the cluster radius! @2#. Such behavior can be
understood by a conducting spherical droplet~CSD! model
@20,21#, which considers the cluster as a metallic spheri
droplet and may also include some quantum effect corr
tions @21#. For the transition-metal clusters Nin , Fen , and
Con @22# and the divalent metal cluster Hgn @23#, the 1/R law
given by the CSD model breaks down below a certain cr
cal cluster size, i.e., 20–50 atoms, corresponding to the n
metallic behavior in these small clusters.

In this work, we calculate the ionization potentials fro
the total energy difference between the ground state neu
Cdn and the fully relaxed cationic Cdn

1 clusters. The theo-
retical results are given in Table I along with the experime
tal values@5,6#. Satisfactory agreement between theory a
experiments is obtained. In Fig. 4, the IPs of Cdn are plotted
as a function of 1/n21/3 and compared with the prediction o
the classical conducting sphere droplet model@21#. We find
that the discrepancy between the CSD model and theore
or experimental values decreases rapidly as the cluster
increases. Asn approaches 20, the discrepancy between D
calculations and CSD model becomes rather small, indi
ing that Cdn clusters withn>20 become close to a metalli
droplet. The size dependence of the IPs of Cdn clusters is
different from that of Hgn . The transition from van der
Waals to covalent and metallic behavior in Cdn occurs more
rapidly than that in Hgn clusters. For instance, the HOMO
LUMO gap of Cdn clusters in Table I decreases from 3.94 e
for Cd2 to 0.86 eV for Cd21, while the band gaps of Hg3 and
Hg20 are 3.43 eV and 1.8 eV, respectively@24#. Our present
argument is consistent with experiments@5–7#.

In summary, we have studied the geometric and electro
structures of cadmium clusters by using a DFT-GGA cal
lation combined with a genetic algorithm. The main conc
sions can be summarized in the following points.~1! Close-
packing structures are found for cadmium clusters; electro
effects such as electronic level degeneracy play some ro
determining the ground state configurations of Cdn , which
are different from those of noble gas clusters.~2! An elec-
tronic shell effect is found from DFT calculations eve
though the geometrical effect is directly incorporated. Ca
mium clusters with closed electronic shells (n
54,9,10,17,20) demonstrate the ‘‘magic number’’ featu
~3! The size dependence of ionization potentials show
rapid convergence toward the bulk limit and Cdn clusters
with n>20 might already be bulk-metallic-like.

This work is partially supported by the U.S. Arm
Research Office~Grant No. DAAG55-98-1-0298! and NASA
Ames Research Center. The author acknowledges c
putational support from the North Carolina Supercompu
Center.
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