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We have performed first-principle calculations on the possible structures of
cadmium sulphide Cd..S, (m+n=2-6) clusters; and equilibrium geometries,
stabilities and electronic properties have been systematically investigated by
density functional theory. Furthermore, binding energy (BE), highest-
occupied and lowest-unoccupied molecular orbital (HOMO-LUMO) gap,
density of states (DOS) have also been computed for Cd,,S, nanoclusters. For
the most stable structures, vibrational frequencies, infrared intensities (IR
Int.), relative infrared intensities (Rel. IR Int.) and Raman scattering
activities have been computed. The optimized geometries exhibit that the
occurrence of the most stable configurations of the CdS nanoclusters is
directly related to final binding energy. The nonlinear structured CdS;
(rhombus) nanocluster with FBE 3.24 eV is found to be most stable as
compared to others. We expect that findings of this study will stimulate
further new experimental study on it.
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INTRODUCTION

Nanoclusters represent the intermediate phase between small molecular species and the bulk state.The
knowledge of atomic structure of nanoclusters is essential as their physical and chemical properties change
significantly as size decreases from bulk level to nanoscale. Two basic reasons namely, quantum confinement effect
and higher surface to volume ratio are viewed as vital for the dramatic change in their physical and chemical
properties. To study the physical properties of such clusters it is indispensible to have an understanding about cluster
evolution and possible structural changes that arise as a function of the nanocluster size because it can lead to the
tailoring of novel materials with desirable properties [1]and sizes of the electronic devices have been reduced [2,3].
The basic idea behind structural study of the nanocluster is the assumption that it will follow structure with
minimum energy. Therefore, global minimization techniques are used to predict the structure of nanoclusters. 11-VI
semiconductors such as ZnS, CdSe and CdTe are of enormous technological importance in different branches of
science and technology. These semiconductors are widely used in solar cells, electronic sensors, hydrogen
generation, photo catalysis and biological detections [4-9].Among the I1-VI semiconductors, cadmium sulfide (CdS)
is an important inorganic semiconductor owing to its unique photoelectric properties. It holds particle-size-
dependent electronic spectrum [10,11] which could show the influence of size quantization effects. Its potential
applications have been exhibited in many fields such as the nonlinear optics [12] the photo electro chemical cells
and heterogeneous photo catalysis [13,14] etc.

There have been many experimental and theoretical studies using different computational approaches that are
focused on the clusters of various compositions that have important and promising applications [3-8]. For binary
clusters (CdS),, a number of theoretical studies have been performed to the search for the geometrical structure of
the lowest total energy isomers [15-30]. It turns out from previous studies that the (CdS), structures (n = 4-7)
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obtained in different studies as the lowest energy states, are often not the same. Specifically, controversy is found in
the structure of the lowest total energy state of (CdS),. Three different structures were obtained. First one cubic
structure as predicted by Gurin et al. [21] second a ring non-planar structure [22] a state with the square geometry
[23].

To the best of our knowledge, no detailed DFT calculations have been performed on CdS nanoclusters with unequal
number of m and n considering the various properties. And hence, in this work, we have applied DFT computations
to analyze the structural stabilities, electronic properties, adiabatic and vertical ionization potential (IP) and electron
affinity (EA), HOMO-LUMO, DOS and vibrational behavior of Cd,,S,(m+n=6) clusters as a function of the cluster
size.

2. Computational Methodology
The theoretical methods used in the present study are based on first principle calculations within the density
functional theory. Density functional theory (DFT) is one of the promising and efficient methods to investigate
electronic, optical properties and structural stability of nanostructures. Structural optimization was carried out using
the hybrid gradient-corrected functional (B3LYP) in conjunction with LANL2DZ basis set within density functional
theory as framed in the Gaussian-09 suit [31]. For the most precise calculations, LANL2DZ basis set incorporating
effective core potential (ECP) has been adopted as the basic basis set. Initially, a number of possible structures for
each Cd,,S, clusters are constructed and then each geometrical structure was fully optimized. Minimum energy for
each structure is achieved by relaxing the atomic positions. We have used GaussSum 3.0 [32] for the evaluation of
density of states (DOS) spectrum. For the visualization of molecular orbitals, chemcraft software was used [33]. In
order to have stability of nanoclusters, binding energy per atom of the nanocluster is defined by the equation-

BE = [mE(Cd) + nE(S) — E (Cdp,Sy)])/(m+n)
Where, E(Cd), E(S), and E(Cd,S,,) are the total energy of isolated atoms Cd, S and Cd,S;, clusters, respectively, and
m+n is the total number of Cd and S atoms. For a more accurate calculation of binding energy of the system, the
zero point vibrational energy is subtracted from the earlier calculated BE value[34]. Therefore, we have also
calculated the harmonic vibrational frequencies and the corresponding zero point energy (ZPE) for all optimized
structures. The harmonic vibrational frequencies of each optimized structures were evaluated by analytical
differentiation of gradients; eventually the stability of nanoclusters is considered on the basis of final binding energy
(FBE) thus obtained. In all fully optimized structures, the convergence of the system energy is obtained up to 10~
meV and the forces of 10° eV/A° on each atom are achieved. The excellent agreements between the calculated and
experimental data imply the reliability of our computational approach employed in this work.

3. Results and Discussion:
3.1. Geometries and stabilities of Cd,,S,, clusters

The exact determination of equilibrium structures for the clusters under consideration is a fundamental
requirement for the discussion of cluster’s properties and the variation of the chemical bond with the size of cluster.
There may be existent various possible structures for a given number of atoms which are rather close in energy. It is
therefore significant to evaluate the sensitivity of a given property with respect to structural changes. In this section,
we will present the equilibrium structures and stabilities of clusters of binary compound CdS. We carried out first
principle calculations on the various Cd,,,S, (m+n = 2-6) clusters to obtain the stable isomers in each size range. The
optimized most stable structures are presented in Fig. 1, while the symmetry, multiplicity of the ground state,
HOMO-LUMO gap, binding energies and the final binding energy for all the optimized structures are listed in
Table 1. The most stable isomers of Cd,.S, clusters (m+n = 2-6) -linear, trigonal, rhombic, and star geometries,
respectively, which are quite comparable to other reports, are shown in Table 2. The calculated bond lengths of Cd-
Cd, Cd-S, and S-S for the most stable structures are appended in the Table 3. In the following, a discussion of the
considered nanoclusters has been given.
CdS: Fig. 1(a) shows that the only possible structure for CdS cluster is linear molecule with final binding energy
2.38 eV and the Cd-S bond length 2.65A°. This equilibrium distance is much similar to the value 2.36 A° computed
by Chu et al. [35] and experimental result 2.52 A° [36]. The multiplicity of ground state of this nanocluster is of
triplet in nature.
Cd.S, (m + n = 3): For this cluster, three structures are possible which are the S-terminated linear structure, S-
centered linear structure and trigonal structure. For Cd,S configuration, ground states of the linear and triangular
structures are of singlet and triplet in nature whereas for CdS, configuration, the predicted ground states for the
linear and triangular structures are triplet.
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For the Cd,S configuration, It is clear from Tablel that the triangular structure with C; symmetry and the triplet
ground state has maximum FBE (3.05 eV). The other two structures, linear Cd-Cd-S and Cd-S-Cd have lower FBEs
in comparison to trigonal Cd,S structure. Obtained Cd-S and Cd-Cd bond lengths for the trigonal structure are 2.59
A° and 4.06 A°, respectively as can be seen in Table 3. In the sulphur excess triatomic CdS,, a similar structure to
that of the Cd,S are predicted. Among these, trigonal structure of CdS, with Cs symmetry has FBE of 2.22eV and is
found to be most stable. The other two structures, linear S-Cd-S and Cd-S-S are less stable in comparison to trigonal
Cds; structure by 0.06 eV. The equilibrium geometry for the triangular CdS, structure has a Cd-S bond length of

2.76 A and S-S bond length of 2.26 A.

Cd _,

(a) CdS Linear (b) Cd,S Trigonal

cd cda

(C) CdS; Trigonal (d) Cd,S, Rhombus

cd —-@— cd

(e) CdsS Linear

Ccd

cd

Ccd

<

(f) CdS; distorted rhombus (9) Cd,S; Star
Figure 1: Most stable optimized structures of Cd,,,S,(m+n=2-6) nanoclusters
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Table 1. Symmetry, multiplicity of the ground state (GS), binding energy per atom (BE), zero point energy (ZPE), final binding energy
(FBE) and HOMO-LUMO gap for all the configuration for the Cd,S,(m+n=2-6) Nanocluster

Nanocluster  Configuration ~ Symmetry GS BE ZPE FBE HOMO-LUMO
Multiplicity (eV) (eV) (eV) (eV)
Cds Linear Cuy 3 2.39 0.01 2.38 o =4.69
Cd-S $=3.00
Cd,S Linear Cuwy 1 1.09 0.03 1.06 a=1.99
Cd-S-Cd
Trigonal Cs 3 3.08 0.03 3.05 a=3.90
B=2.36
CdS, Linear D, 3 2.21 0.05 2.16 o =5.53
S-Cd-S $=0.98
Trigonal Cs 3 2.26 0.04 2.22 a=3.94
p=1.89
Cd,S, Bent C, 1 1.63 0.07 1.56 a =0.65
Cd-S-Cd-S
Linear C, 1 1.57 0.06 151 a=0.90
Cd-S-S-Cd
Linear C; 1 1.60 0.05 1.55 a=1.99
S-Cd-Cd-S
Bent C, 1 1.57 0.06 151 a=1.28
Cd-S-S-Cd
Rhombus C, 1 1.97 0.08 1.88 a=2.23
CdsS Linear C, 1 0.86 0.04 0.82 a=1.73
Cd-Cd-S-Cd
Rhombus C: 1 0.75 0.0 0.75 a=1.19
CdS; Bent C: 3 2.23 0.08 2.15 a=4.33
S-S-Cd-S B=2.05
Rhombus Cy 1 3.33 0.09 3.24 a=1.82
B=1.82
Cd3S; Hexagon o 1 1.55 0.09 1.46 o =2.40
(Caze)
Hexagon C; 1 2.34 0.14 2.20 a=3.33
(Star)
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Table 2: Symmetry, multiplicity of the ground state (GS), binding energy per atom (BE), zero point energy(ZPE), final binding energy (FBE)
and HOMO-LUMO gap for all the most stable configuration for the Cd,S,(m+n=2-6) nanoclusters

Nanocluster Configuration Symmetry GS BE ZPE FBE  Other HOMO-LUMO Other
Multiplicity (eV) (eV) (eV) (eV) (eV) (eV)

CdSs Linear Cuwy 3 2.39 0.01 2.38 o =4.69
Cd-S $=3.00
Cd,S Trigonal Cs 3 3.08 0.03 3.05 a=3.90
Cd-S-Cd B=2.36
CdS, Trigonal Cs 3 2.26 0.04 2.22 o =3.94
S-Cd-S B=1.89

Cd,S, Rhombus (of) 1 1.97 0.08 1.89 =223  234%
CdsS Linear C, 1 0.86 0.04 0.82 a=1.73

Cd-Cd-S-Cd
CdS; Rhombus C, 1 3.33 0.09 3.24 o =1.82
B=1.82
Cd3S; Hexagon C: 1 2.34 0.14 2.20 a=3.33
(Star)

Table 3: Bond lengths (A°) for all the most stable configurations of Cd,,S, (m+n=2-6) nanoclusters

Nanocluster Configuration Bonds Bond length (A)
(Present) (Other)
cds Linear Cd-S 2.65 2.295%, 2.36%,2.52%
Cd-S
Cd,S Trigonal Cd-S 2.59
Cd-S-Cd Cd-Cd 4.06
CdS, Trigonal Cd-S 2.76
S-Cd-S S-S 2.26
Cd,S, Rhombus Cd-S 2.56 2.490% 2.50%, 2.57%
Cd-S-S-Cd Cd-Cd 2.96
S-S 4.18
CdsS Linear Cd-S 2.46
Cd-Cd-S-Cd Cd-Cd 3.24
CdS; Rhombus Cd-S 2.58
S-S-Cd-S S-S 2.32
Cd,S; Hexagon Cd-S 2.49 2.416%
(Star) Cd-Cd 3.43
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Figure 2: Final binding energy vs cluster size of Cd,,S,(m+n=2-6) nanoclusters
CdnSy (m+n=4): For the Cd,S, (m+n=4) cluster, we have tried for three configurations as Cd,S, Cd;S and CdS;
which contain nine geometries structured cluster; and the four atom structured clusters have the singlet ground
states. For Cd,S,, we have investigated five different configurations; two linear structures with Cd-S-S-Cd and S-
Cd-Cd-S geometry, two bent structures (Cd-S-Cd-S, Cd-S-S-Cd) and a rhombus structure. From table 1, it is evident
that the rhombus structure having C; symmetry and ground state of singlet is most stable structure as it has
maximum FBE of 1.88 eV. Moreover, results demonstrate that the Cd-S and Cd-Cd bond lengths 2.56A and 2.96A
respectively are very close to the experimental data (2.57 A) and the result of Chu et al. [35] (2.50 A). For CdsS,
three possible structures were tried. These are the two linear chains Cd-Cd-S-Cd and Cd-Cd-Cd-S, and rhombus.
From Table 1, it seems logical that the linear (Cd-Cd-S-Cd) geometry with C; symmetry has maximum final binding
energy of 0.82 eV and is most stable. The computed values of Cd-S and Cd-Cd bond lengths for most stable
structure are found to be 2.46A and 3.24 A, respectively. For CdS; we have considered three different geometries;
linear chain (Cd-S-S-S), bent (S-S-Cd-S) and rhombus. Among these configurations, most stable structure looks like
distorted rhombus with final binding energy 3.24 eV and Cd-S and S-S bond lengths as 2.58A, 2.32A, respectively.
CdsS; (m+n=6): The ground state of six atom nanoclusters is predicted to be singlet. For Cd3S; configuration, we
have considered two linear (CdSCdSCdSCdSCdSCdS, CdCdCdSSSS) and two hexagon (Cage, Star) structures. It is
found that the most stable structure with highest value of FBE of 2.20 eV, attains hexagon (star) shape having
alternate cadmium and sulphur atoms, with three sulphur atoms edge -capping. The calculated Cd- S bond length is
2.49 A and for the Cd-Cd, bond length is 3.43A. This value of Cd- S bond length closely approach the data (2.43 A)
deduced by the computations of Chu et al. [35]. The most stable structure has C; symmetry and very important one.
Thus we see that Cd-Cd bond length is increasing with the size of clusters except the Cd,S.
3.2. Eectronic Property: HOMO-LUMO and Density of states of CdS nanoclusters
The information about the electronic properties of CdS nanocluster can be known with the help of HOMO-LUMO
gap. HOMO-LUMO energy gap depend upon the chemical association and reaction between atoms and
molecules. The computed energy gap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) i.e. HOMO-LUMO gap, for all the studied structures is presented in Table

4.5
4.0
3.5

3.0 4

HOMO-LUMO GapleV)
]

T T T
2 3 4 5 6

~ -
o~

cluster Size (m+n =2-6)

Figure 3: HOMO-LUMO Gap vs cluster size of Cd,,S,(m+n=2-6) nanoclusters
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1. It may be pointed out that HOMO-LUMO gap decrease with number of S atoms; a high energy gap indicates that
the cluster is more stable as already noted from the calculated FBEs and also electrons in the valance band needed
more energy to go the conduction band. Fig.3 shows the calculated energy gap as a function of cluster size: it is
observed that when we increase the size of the nanocluster by adding no. of atoms, HOMO-LUMO gap is rapidly
decreasing up to cluster size (m+n)=4 and attains a minimum value of 1.73 eV for CdsS configuration. However, it
is again rising up to the cluster size (m+n=6) when the cluster size is further increased. As lower energy gap
materials are highly reactive in chemical reactions and with catalyst, Cd,S configuration is highly reactive owing to
its lower energy gap. Fig.4 of DOS reveals that due to overlapping of Cd atoms with S atoms in the nanocluster, the
density of charge is very low in the occupied orbital than the virtual one. In the cluster, the geometry of the
nanoclusters is also affected due to the density of charges in virtual and occupied orbitals. From the Fig.4 it is
evident that the DOS is much more depending on the geometry and number of the atoms present in the nanocluster.
Further, we observe that for the same and maximum number of m and n i.e. (m+n=4) the amplitude of peak is
maximum rather than other clusters. HOMO-LUMO energy visualization for all the most stable configuration of the
Cd,S,(m+n=2-6) clusters are displayed in fig.5.
3.3. lonization Potential and Electron Affinity

lonization potential (IP) and the electron affinity (EA) of a cluster are very important properties from the
theoretical point of view. They are experimentally accessible and provide a direct measure for the type of bonding
involved in a cluster. The ionization potential (IP) is defined as the amount of energy required to remove an electron
from a nanocluster. In the present study, adiabatic ionization potential (AIP) has been calculated by taking the
energy difference between the neutral and the ionized nanoclusters after finding the most stable structure for the
ionized nanoclusters using the optimization procedure. The electron affinity (EA) is defined as the energy evolved
when an electron is added to a neutral cluster. We have evaluated the EA by finding the energy difference between
the neutral and the anionic nanocluster; anionic nanocluster is relaxed to its most stable state.

——B
——C
—A—D
Vv E

=
o

IP and EA (eV)
BPNNW®ADNOOOODNN®®O®OO
C

2 3 7 5 6
Cluster Size (m+n=2-6)

Figure 6: lonization potential and Electron affinity vs cluster size of Cd,,S,(m+n) nanoclusters
To the best of our knowledge, experimental data and earlier calculation are available very scarcely for
comparison of IP and EA of Cd,,S, clusters. Adiabatic and vertical IPs and EAs for the most stable structures are
listed in Table 4.
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Fig. 6 depicts the variation of the adiabatic and vertical IPs and EAs for the most stable structures. A zigzag
behavior can be seen in the variation of both IP and EA with nanocluster size. However, similar trend was noted also
for the corresponding ZnSe clusters in the literature. It is interesting here to compare the ionization potential. Out of
these structures, the hexagon (star (Fig.1g) geometry has the highest value of adiabatic IP and vertical IP, which are
9.64 eV and 9.65 eV; the trigonal structure of the configuration Cd,S has lowest values of the adiabatic and vertical
ionization energy. A perusal of Table 4 shows that the values of the adiabatic and vertical electron affinity for
rhombus geometry of CdS; configuration are highest i.e. 2.54 eV and 2.38 eV, respectively. For the cluster Cd,S,,
calculated vertical ionization energy is 7.95 eV which is in good agreement with 8.10 eV evaluated by Sanville et al.
[21] and the experimental (7.26 eV) photoelectric thresholds for bulk CdS by Swank [37]. The hexagon (star)
structure has the lowest value of adiabatic and vertical EA which are 1.88 and 1.74 respectively.
3.4 . Vibrational Frequencies

Investigation of vibrational frequencies is very significant parameter in exploring the local minimum in the
structures. It is observed that even for a small number of atoms in a cluster there are plenty of possible structures
which may represent local minima on the energy hyper surface. In order to decide whether or not there is a local
minimum, it is necessary to determine the harmonic vibrational frequencies and to check if any of these is zero or
takes an imaginary value. In the present investigation, the vibrational frequencies are calculated by the determining
the second derivative of the total energy of the system with respect to the atomic displacements at the B3LYP-
DFT/LANL2DZ level. The obtained physical quantities for the most stable clusters are listed in table 4. The above
physical properties have not been reported by any other worker for the considered nanoclusters. For CdS, we obtain
the stretching mode frequency of 209.5 cm™ which is both IR and Raman active. For Cd,S trigonal (Cd-S-Cd)
structure, the calculated frequencies are 41.26 cm™, 203.25cm-*, 253.08 cm™. From the table 4, it is evident that
highest stretching frequencies are both highly IR and Raman active. The lower frequency 41.26 cm™ originates from
the bending vibration of Cd-S bond, etc.

Table 4. The calculated vibrational frequencies (cm™), infrared intensities (IR Int. in km mol™), relative IR intensities (Rel. IR Int.) and Raman
scattering activities (Raman activity in A*/amu) for most stable configurations of Cdy,S, (Mm+n=2-6) nanoclusters

Nanocluster Configuration Properties Values
Cds Linear Frequency 209.53
Cd-S IR Int. 2.34
Rel. IR Int. 1
Raman activity 49.59
Cd,S Trigonal Frequency 41.26, 203.25, 253.08
Cd-S-Cd IR Int. 0.35, 3.38, 24.17
Rel. IR Int. 0.01,0.14,1
Raman activity 11.52,52.29, 21.29
Cds, Trigonal Frequency 39.42, 199.18, 449.82
S-Cd-S IR Int. 0.02, 23.82, 0.67
Rel. IR Int. 0.00, 1, 0.03
Raman activity | 33.16, 16.25, 46.37
Cd,S, Rhombus Frequency 96.86, 128.65, 196.16, 208.96, 309.97, 310.99
Cd-S-S-Cd IR Int. 20.10, 0.00, 0.00, 25.14, 44.97, 0.00
Rel. IR Int. 0.45, 0.00, 0.00, 0.56, 1, 0.00
Raman activity | 0.00, 8.87, 2.64, 0.00, 0.00, 67.69
CdsS Linear Frequency 6.82, 46.52, 48.22, 50.37, 130.00, 303.36
Cd-Cd-S-Cd IR Int. 0.61, 16.33, 2.76, 17.29, 9.74, 79.67
Rel. IR Int. 0.01, 0.21,0.03,0.230.12, 1
Raman activity 3.10, 2.31,0.72, 1.12, 18.55, 40.56
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CdS; Rhombus Frequency 102.56, 136.69, 240.27, 283.79, 370.78, 379.18
S-S-Cd-S IR Int. 4.89, 3.17, 3.46, 2.12, 8.58, 10.83
Rel. IR Int. 0.45, 0.29, 0.32, 0.20, 0.79, 1

Raman activity 13.12, 30.36, 10.57, 36.62, 6.82, 16.61

CdsS; Hexagon Frequency 59.85, 62.49, 70.37, 70.61, 94.83, 100.67, 262.90, 263.35, 290.11, 293.75, 337.61,
(Star) 338.35,
IR Int. 0.01, 0.03, 4.47, 4.51, 27.80, 0.01, 13.42, 13.68, 0.01, 0.01, 72.32, 72.33
Rel. IR Int. 0.00, 0.00, 0.06, 0.06, 0.38, 0.00, 0.19, 0.19, 0.00, 0.00, 0.99, 1

Raman activity 0.70, 0.71, 3.18, 3.21, 0.00, 2.74, 11.79, 11.77, 97.73, 0.02, 0.05, 0.04

For CdS,trigonal (S-Cd-S) structure, we obtain the frequencies 39.42 cm™, 199.18 cm™ and 449.82 cm™ wherein the
highest frequency of 449.82 cm-* corresponds to the Cd-S stretching vibration. In this case, frequency 199.18 cm™ is
found to be highly IR reactive as compared to others. For rhombus Cd,S,, (Cd-S-S-Cd) structure, there are six
frequencies; the two highest frequencies (310.99 cm *, 309.97 cm ™) appear due to the breathing of the two S atoms
which are not IR active and the remaining four frequencies originate from the mixed vibration of the Cd and S
atoms. For Cd,S, linear configuration has 6 frequencies and the highest frequency of 303.36 cm™ corresponds to the
Cd-S stretching vibration which is both IR and Raman active. The rhombus CdS; has highest frequency 379.18 cm ™
and is found less IR reactive in comparison to the linear CdsS configuration.

For CdsS; hexagonal cage structure, we obtain 12 frequencies in all wherein upper two frequencies 337.61 and
338.35 cm™ are due to the stretching vibration of S atom close to the Cd atom and the lower frequencies 59.85,
62.49, 70.37 and 70.61 cm™ correspond to twisting vibration of whole cluster.

Conclusions

Detailed theoretical characterization of the most stable isomers of the Cd,,S,(m+n=2-6)nanoclusters have been done
using DFT approaches. Bondlengths, adiabatic, vertical ionization potentials and electron affinities and dipole
moments for the Cd,,S,, nanoclusters were computed at the same level of theory. The results reveal that the nonlinear
structured nanoclusters are most stable in comparison with linear one. We have found that the CdS; distorted
rhombus structure is most stable among all the considered nanoclusters. Mostly, nanoclusters with high (low) FBEs
have large (small) number of sulphur atoms and value of HOMO-LUMO gap deceases with the increase in S atoms.
However, the IP and EA both show zigzag behavior with the clusters size. Vibrational properties are studied only for
the most stable structures wherein, except the Cd,S, all are IR active at the vibrational frequencies. For the most
stable structure CdS; the calculated lowest and highest frequencies are 102.56 cm™, and 379.18 cm™; both are
infrared active. As this approach has produced good results for the CdS, it is possible to extend current study in the
modelling and understanding the growth of cadmium-based clusters at the nano scale. This will also motivate new
experimental studies on this important class of clusters.
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