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For small size, the cluster X n with X= Hg, Cd or Zn displays a van der Waals bond. A model Hamiltonian has been proposed for the singly (doubly) ionized van der Waals clusters X + n (X ++ n ).

The first and second ionization potentials of X n have been calculated. A good agreement is obtained with the available experiment values of the first ionization potential of mercury and cadmium. The stability and the metastability of X ++ n are discussed. The energy curves versus the bond length for Hg ++ 2 , Cd ++ 2 and Zn ++ 2 have been determined.

The hole(s) in charged clusters X + n and X ++ n for 2≤n≤7 is (are) mainly delocalized, except for Hg + n with n≥4 where the hole is localized on 2 or 3 sites.

I. INTRODUCTION.

The clusters built up with the 12 group elements (Hg, Cd and Zn) have drawn attention to the nature of the chemical bonding. As the cluster size is increasing, a transition from van der Waals interaction to covalent and finally metallic behavior has been predicted and studied experimentally for mercury [START_REF] Pahl | Handbook of Nanophysics: Clusters and Fullerenes[END_REF][START_REF] Bréchignac | [END_REF][3][4][5][6][7][8][9][10][11][12][13][14][15][16][17][18] and for cadmium [12,19,20]. Numerous amount of theoretical works [START_REF] Pastor | Clusters of Atoms and Molecules[END_REF][START_REF] Pastor | [END_REF][23][24][25][26][27][28][29][30] have been devoted to reveal the phase transitions in mercury clusters.

In the pioneer work by Brechignac et al [START_REF] Bréchignac | [END_REF]4], the transition from van der Waals to covalent mercury clusters was observed at around n=13-20 through the measurements of inner shell excitation spectrum. The evolution of surface plasmon absorption has been observed with respect to the cluster size [5,6]. Nevertheless the measurement of the ionization potential by either photoionization [11,12] or electron-impact ionization mass spectroscopy [3,7] was the main technique to assess the transition of the chemical bond in neutral mercury clusters.

The fragmentation of multiply charged clusters provides some alternative knowledge on the mercury transition and the highly charged cluster stability, see the experiments by the Katakuse group [31] and the associated analysis in [32]. Some theoretical works have been devoted to compare the mercury, cadmium and zinc clusters [33,35]. Nevertheless the comparison of the calculated ionization potential values with experiments are not fully satisfying.

A model for small divalent singly ionized positive clusters of mercury has been proposed by Joyes and al. [25] to take into account the van der Waals character of the chemical binding.

The Hamiltonian has been derived by fitting analytical expressions of the first ionization potential to experimental values. In the present article, we go further by analyzing the values of the different terms of the Hamiltonian obtained in Joyes et al paper [25] and we show that their values are in agreement with the basic physics knowledge.

Small clusters of group 12 elements like Zn and Cd have been less studied than mercury clusters but they are also expected to display some van der Waals characters in their chemical bonding. We transfer straightforwardly our knowledge on the parameter determination of the Hg + n Hamiltonian to define the Cd + n and Zn + n Hamiltonian and compare the theoretical predictions of the ionization potential to available experiments for cadmium clusters.

As in van der Waals ionized clusters Xe + n , the positive hole is localized [36,37]. The hole localization is discussed in Hg + n , Cd + n and Zn + n . The second part deals with the doubly ionized clusters of mercury, cadmium and zinc.

The Hamiltonian has to be modified mainly to take into account the possibility that the two charges are on one cluster atom. The second ionization potential is derived. The structure of the neutral aggregates Hg n , Cd n and Zn n with a small size n is van der Waals-like.

For instance, in the case of mercury, the s-band is completely separated from the p-band for n<10. The energy difference between 6s and 6p levels is large (6.1 eV). Therefore it is justified to describe ionized aggregates by only considering the external 6s levels for a cluster size n<10. Therefore in the neutral groundstate, each atom essentially keeps a 6s 2 configuration. This means that the cluster is essentially held by dispersion forces. One may think that as in ionized van der Waals aggregates (Xe + n [36,37]), the positive hole is localized on one (or on a few) central site.

The main features of the proposed model for X + n aggregates with X= Hg, Cd or Zn and n<8 are the following. The wave function is an expansion on a basis set of n determinants Φ i .

Each Φ i describes (2 n -1) electrons either 6s for Hg or 5s for Cd or 4s for Zn which are distributed on n atoms, we choose n electrons up and n-1 electrons down. For the mercury case n = 3 (Fig. 1), the 3 determinants are respectively Det(φ 6s,↑ (1)φ 6s,↓ (1)φ 6s,↑ (2)φ 6s,↓ (2)φ 6s,↑ (3)), Det(φ 6s,↑ (1)φ 6s,↓ (1)φ 6s,↑ (2)φ 6s,↑ (3)φ 6s,↓ (3) ) and Det(φ 6s,↑ (1)φ 6s,↑ (2)φ 6s,↓ (2)φ 6s,↑ (3)φ 6s,↓ (3) ) where φ 6s,↑(↓) (i) is the 6s atomic orbital centered on mercury atom i with spin ↑ (↓).

The matrix elements of the nxn model Hamiltonian for X + n are defined by

< Φ i H Φ i >= (2n -1)E V + ∑ j>j ′ E j,j ′ R + ∑ j>j ′ E j,j ′ pol + ∑doubly occupied site j U F or i ≠ i ′ < Φ i H Φ i ′ >= β if Φ i > and Φ i ′ > dif f er by only one electron hopping if not < Φ i H Φ i ′ >= 0 (1) 
j and j' labels sites. E V is the atomic level energy. E j,j ′ R is the repulsive energy between neutral nearest sites j and j'. E j,j ′ pol is the polarisation interaction between a positive site and a neutral site. U is the on-site Comlomb integral.

Let us discuss the determination of the Hamiltinian parameters. Firstly, E V and U are atomic energies and are given respectively by

E V =< 6s H 6s > U = ∬ ψ 6s (1)ψ ⋆ 6s (1) e 2 r 12 ψ 6s (2)ψ ⋆ 6s (2)dr 1 dr 2 (2) 
To be coherent with the atomic data of either mercury or zinc or cadmium, E V and U are determined from the first (second) atomic ionization potential (I p I II p ) of either mercury or zinc or cadmium. They are linked by the following relations

E V = E(X + ) -E(X ++ ) = -I II p U = E(X) -E(X + ) -E V = I II p -I p (3) 
where E(X), E(X + ) and E(X ++ ) are respectively the energy of the neutral, singly ionized and doubly ionized X atom (X=Hg, Cd or Zn). The values of E V and U are reported in [37], the ratio

d 2 d 1 could be estimated close to 1.4. As β(d) is proportional to d -2 [38], β(d 2 ) is close to β(d 1 )
2 . Thus we will use

β(d 2 ) = β(d 1 )
2 in our calculation . The good agreements of our results with experiments on the ionization potential of mercury and cadmium clusters will give confidence on our β(d 2 ) choice.

E i,j R is the repulsion energy between two neutral atoms i and j and is assumed equal to a parameter E R if the distance d between sites i and j is equal to d 1 . We assume that E

i,j R is negligible for d = d 2 . E i,j
pol is the attractive polarization energy between an ionized site i and a neutral site j and is assumed equal to a parameter E pol if d=d 1 . We also assume that E i,j pol is negligible for d = d 2 . Our assumptions on the variations with d of β, E i,j R and E i,j pol are justified by the fact that β decreases more slowly than the other two parameters when d increases.

In a first step, let us determine the Hamiltonian parameters of the mercury clusters.

β(d 1 ), E R and E pol of Hg + n are derived by fitting analytical expressions of the first ionization energy I p (Hg n ) for n=2-4 to the experimental results. In a second step, the fitting parameter values will be analyzed. The ionization energy of mercury cluster I P (Hg n ) is equal to E(Hg + n )-E(Hg n ). Analytical expressions of the singly ionized cluster energies E(Hg + n ) are expressed from the Hamiltonian for cluster size n = 2, 3 and 4 and are given in Table .II with geometries involving either only the distance d 1 or the distances d 1 and d 2 . For each n value, we are looking for the lowest energy cluster configuration among shapes corresponding to regular and irregular polyhedra, chain and ring.

The model disregards the p-orbitals, for instance the 6p-orbitals for mercury. So it will not be easy to treat the neutral species. But the neutral cluster energy E(Hg n ) can be obtained by considering compact shapes. E(Hg n ) is equal to 2 n E V +n U+E vdW (n). The van der Waals binding energy E vdW (n) is derived from the dimer E vdW (2) and takes into account the number of nearest neighbor interaction. E vdW (2) is estimated to 0.07eV [START_REF]Waals binding energies of Cd and Zn is derived from the value of Hg using the Cd (Zn) atomic polarisability and the interatomic distance which are both reported in the article[END_REF] for mercury to get energy values similar to the Bennemann et al results [START_REF] Pastor | [END_REF]24] for small cluster size.

By fitting the analytical expressions of I p (Hg n ) to the experimental results [3] 

β Har (R) = -1.40 h 2 mR 2 (4) 
with the interatomic distance R, the Planck constant h and the electron mass m. Taking R=d 1 =3.63 Å which is an experimental nearest neighbor distance value [34] close to a theoretical one [35], Eq.4 gives a value of 0.81eV instead of the fitting value β(d 1 ) is 0.8eV.

The fitting value of E R is close to the calculated value derived from a classical Born-Meyer potential

E B-M R (R) = A exp(-b R) (5) 
with A= 60678eV and b=3.50084 Å-1 [START_REF] Abrahamson | [END_REF]. Eq.5 gives a value of 0.19eV instead of a fitting E R value of 0.43eV.

Likewise, the fitting E pol value is close to the value given by the interaction energy (E Ch-Int-Dip ) between a charge (z e) and the induced dipole

E Ch-Int-Dip = -( ze 4π o ) 2 α 2R 4 ( 6 
)
where α is the mercury atomic polarisability. Using a value for α obtained from the Nagle paper [41], Eq.6 gives an energy E Ch-Int-Dip of 0.22eV close to the fitting E pol value of 0.27eV.

In summary, the values of β(d 1 ), E R and E pol of the mercury cluster Hamiltonian can be interpreted with the basic physics knowledge.

Cadmium and zinc clusters have been less studied although they deserve attention for the van der Waals interaction displayed by the smallest clusters. In our knowledge, only one group reports on the cadmium cluster ionization potential I p (Cd n ) [12,19,20] For each size n, we are looking for the geometry of the lowest energy X + n associated with the Hamiltonian H defined by the parameters of Table .I.

In the mercury case, the geometries of the most stable Hg + n are reported in Fig. 2 for n=2-7 and are quite similar to the Garcia results [24]. For n≤3, all the nearest neighbor distances are equal while for 4≤n≤7, Hg + n exhibit two nearest neighbor distance values. The clusters Cd + n and Zn + n with 2≤n≤7 display the same geometries than the clusters Hg + n but all the nearest neighbor distances are equal. The Cd + n and Zn + n shapes are more compact.

It is related to the small value of E R compared to E pol .

The (non)-localization of the hole is an interesting question which has already been addressed in the van der Waals Xe + n clusters and has been discussed for Hg + n [24,25]. As seen below, the localization has a link with the geometry of the cluster.

For n≤ 3, the singly ionized mercury clusters have regular shapes and the positive charge is shared between all the sites which are almost equivalent. The hole is delocalized on the whole cluster. But for n ≥ 4, the mercury cluster shapes are irregular and the hole is meanly localized on a limited number of mercury sites (2 or 3) which are painted in red in Fig. 2. In Table .III, the weight W of the localized configurations, i.e. the probability of localization of the hole on the red mercury sites are reported. The weight is decreasing with the size.

Garcia et al [23] has found that the positive charge is meanly distributed within a trimer which is located at the center of the cluster.

The clusters Cd +

n and Zn + n with 2≤n≤7 have a regular and compact shape and the hole is always delocalized on the whole cluster (Table .

III).

Both in Fig. 3 and Table .IV, the calculated first ionization potentials of Hg, Zn and Cd clusters for size n=2-7 are reported. The present model give similar trends of I p versus the cluster size. The comparisons of the size depencence of I p (Cd n ) and I p (Hg n ) with the experiments quoted respectively in the articles [19] and [3] are quite good and confirm our approach, in particular our choice of β(d2). The present I p (Hg n ) dependence versus the size is quite similar to the Garcia results [24]. In the zinc case, the calculated I p (Zn 2 ) value of 8.61 eV is close to the experimental value of 9 eV±0.2 eV [42].

In conclusion, the present model developed for the clusters Hg + n , Cd + n and Zn + n agrees quite well with experiments for small cluster size and supports the van der Waals interaction in small mercury and cadmium clusters.

IV. THE DOUBLY IONIZED CLUSTERS HG ++

n , CD ++ n AND ZN ++ n .

The model developed for the singly ionized cluster X + n can be extended to the doubly ionized cluster X ++ n (X=Hg, Cd or Zn). In the doubly ionized cluster X ++ n case, the wavefunction is built up with either Slater determinants in which the two holes are on one site and the other n-2 sites have two electrons or with Slater determinants in which two holes are on two different sites and the other n-2 sites have two electrons. For instance, the 9 determinant states of the case n=3 are displayed in Fig. 4. The size of the Slater determinant basis to describe X ++ n increases strongly with the cluster size.

The presence of two holes in the cluster requires to include in Eq.1 an extra coulombic term when the determinant state has two holes located on two different sites. Moreover the polarization energy between a neutral atom and a site with two holes is 4 times the term E pol see Eq.5.

In a first step, we keep the values of the parameters of the Hamiltonian given in Table .I.

It means that the nearest neighbor ditances are conserved. In particular, this assumption allows us to determine the vertical second ionization potential. With this assumption, for n≤4, the lowest energy cluster shapes of X ++ n are similar to the shapes of X + n . All the distances between nearest atoms are equal and the holes are delocalized. The effect is due to a larger polarization energy contribution. Notice that the Slater determinants with two holes on the same site do not contribute significantly to the cluster state. The vertical second ionization potential of X ++ n are given in Table .V. We do not take any vibrational corrections into account. The zero-point energies E Z-E (X ++ 2 ) for X ++ 2 could be estimated using the force constants associated to the minima of the potential curves plotted in Fig. 5 thus E Z-E (Hg ++ 2 )=0.008eV, E Z-E (Cd ++ 2 )=0.016eV and E Z-E (Zn ++ 2 )=0.024eV. The values of E Z-E (X ++ 2 ) are quite smaller than the atomization energies of X ++ 2 given in Table .VI what suggests that the vibrational corrections are not so important.

The stability of small highly charged van der Waals clusters is still a question. Let us get some informations on the stability of X ++ n discussed just before by studying the atomization energy (D E ) of X ++ n which is defined by the comparison between the energy of X ++ n and the sum of the energies of all the different species which build the cluster i.e:

D E = E(X ++ n ) -(n -2)E(X) -2E(X + ) (7) 
Beware of our choice of D E which is just the opposite of what is usually used, for instance, to define the binding energy. In [46] M. Kolbuszewski and J.S. Wright, Can.J.Chem 71 1562 (1993). 
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I. The hopping term β(d) is the transfer energy between two adjacent sites and is dependent on their distance d. Two generic kinds of cluster geometry are investigated, either regular clusters having equal distances between nearest neighbors which are short and equal to d 1 or irregular clusters with two possible distances between nearest neighbors d 1 and d 2 with d 2 > d 1 . From a study of Xe + n by Durand et al

  and by keeping the most stable shapes of Hg + n for n=2-4, β(d 1 ), E R and E pol are determined and reported in Table.I. Let us go further and discuss the values of the derived parameters β(d 1 ), E R and E pol of the Hg + n model. The β(d 1 ) value derived by fitting is close to the hopping term value calculated with the

	Harrison formula [38]

  and only one study of the ionization potential of Zn 2[42] is available. Our choice has been to transfer straightforwardly our knowledge acquired on mercury cluster to Zn and Cd clusters. It means that E V and U are determined from the atomic data of Zn and Cd using Eqs.3. β(d 1 ), E R and E pol are fixed by Eqs.4-6 using the calculated distances d Zn =3.96 Å[35] and d Cd =3.96 Å

[35]

, the atomic polarisabilities from

[41] 

and the Born-Meyer potentials from

[START_REF] Abrahamson | [END_REF]

. The values of the Hamiltonian parameters for cadmium and zinc are reported in Table

.

I. U, E V and β(d 1 ) are close for Hg, Zn and Cd while E R of Zn and Cd is a magnitude smaller than the Hg value. E pol has a similar value for cadmium and mercury whereas the zinc value is 3 times larger. E R is an important parameter to balance the attractive energy due to E pol and therefore to avoid the overlap of the electronic cloud. Therefore the transition from Van der Waals to metallic in cadmium and zinc is expected to occur for smaller cluster size than for Hg clusters. III. THE MERCURY, ZINC AND CADMIUM SINGLY IONIZED CLUSTERS RE-SULTS.

  Table.VI, the values of D E are reported. In the present calculation, the atomization energy begins to be negative only for X ++ 4 both for X=Hg, Zn and Cd i.e that X ++ 4 could be stable for n≥4. To go beyond, let us investigate the different channels of fragmentation of X ++ 4 . The channels and their energy (Q-value) are reported in Table.VII. A negative Q-value means that X ++ 4 has a trend to fragmentation. bility of Cd ++ 2 and also of Zn ++ 2 in agreement with the fact that the homonuclear diatomic dication X ++ 2 cannot be thermodynamically stable [46]. Cd and Zn), a model Hamiltonian has been developed for the singly and doubly ionized van der Waals cluster of mercury, cadmium and zinc. The first and second ionization potential has been derived and a good agreement with experiments is obtained for mercury and cadmium first ionization potential. For n≤ 7, the stable shapes of X + n and X ++ n are generally compact and has only one bond length between nearest atoms. The hole(s) is (are) delocalized. It is linked to the larger contribution of the polarization energy than the repulsion energy. However, for Hg + n with n≥4, the shape displayed two bond lengths between nearest atoms and the hole is localized on 2 or 3 sites. The stability of X ++ n is still an open question. The present Hamiltonian give results on the metastability of Hg ++ 2 , Cd ++ 2 and Zn ++ 2 similar to the ab initio calculations [43, 44]. It will be an interesting perpective to investigate the stability and metastabilty of larger clusters [45] K. Franzreb, R. Pies Diez and J.A. Alonso, J.Chem.Phys 130 144312 (2009).

	V. CONCLUSION
	For X + n and X ++ n with n≤7 (X= Hg,

TABLE I :

 I Values of the parameters (in eV) for small Hg + n , Cd + n or Zn + n .

		Hg Cd	Zn
	E V	-18.6 -16.9 -17.96
	U	8.2 7.91 8.57
	β 1 =β(d 1 ) -0.8 -0.68 -0.68
	β 2 =β(d 2 ) -0.4 -0.34 -0.34
	E R	0.43 0.025 0.011
	E pol	-0.27 -0.21 -0.23

TABLE II :

 II Energies of the localized and delocalized states versus the size.V +U+β 1 +E pol 5 E V +2 U+E R +2 β 1 +2 E pol 7 E V +3 U+3 E R +3 β 1 +3 E pol (E 1 + E 2 +β 1 -V +U+β 1 where ∆=(E 1 -E 2 -β 1 ) 2 .... where ∆= ..+4 β 2 ( β 1 +β 2

	n	2	3	4
	E(Hg + n ) delocalized 3 E √		√
			∆)/2	(E 1 +E 2 +2 β 1 -	∆)/2
	E(Hg + n ) localized	3 E		

TABLE III :

 III Size dependence of the weight W of the hole localization for Hg + n , Cd + n or Zn + n (delocalized means that the hole is delocalized).

	W	Hg	Cd	Zn
	n=2 delocalized delocalized delocalized
	n=3 delocalized delocalized delocalized
	n=4	0.95	delocalized delocalized
	n=5	0.66	delocalized delocalized
	n=6	0.51	delocalized delocalized
	n=7	0.45	delocalized delocalized

TABLE IV :

 IV The first ionization potential I P (X n ) with X=Hg, Cd or Zn. I P (X n )(eV) Hg n Cd n Zn n Hg n exp in Ref[3] Cd n exp in Ref[19] 

	n=1	10.43 9.0 9.39	10.43	9
	n=2	9.4 8.18 8.58	9.4	7.8
	n=3	8.9 7.47 7.84	8.9	7.1
	n=4	8.65 6.85 7.21	8.65	6.8
	n=5	8.63 6.64 6.94	8.6	6.6
	n=6	8.58 6.58 6.88	8.5	6.5
	n=7	8.5 6.45 6.72	8.35	6.3

The energies are more negative for Cd ++ 4 and Zn ++ 4 suggesting that they are relatively less stable than Hg ++ 4 . For Hg ++ 4 , the symmetric dissociation (Hg ++ 4 → Hg + 2 + Hg + 2 ) seems to be the main channel compared to the asymmetric one (Hg ++ 4 → Hg + 3 + Hg + ) what is in agreement with a previous study [32]. For Cd ++ 4 and Zn ++ 4 , The Q-value has a close value for the symmetric and asymmetric channels. To go beyond, need to study the fragmentation barrier and the topology of the energy surface of the Hamiltonian. But for the symmetric fragmentation channel, the Q-value seems strongly decreasing with the size in fact the Qvalue is respectively equal to -0.70 eV, -1.04 eV and -1. 14 The present results suggest to study the metastability of Hg ++ n with n close to 4, in relation with the experimental reports of mestable Hg ++ n for n=5 [10] and 7 [15]. In their study of Hg ++ 2 , Neisler [43] and Durand et al [44] find that Hg ++ 2 display a metastability. Is it possible to study the metastability of X ++ 2 with our approach? The answer is yes by assuming a distance dependence of the Hamiltonian and to compare our results on Hg ++ 2 with previous works. Our choice of the distance dependence of the Hamiltonian is linked with the dependence given by Eqs.4-6.

The energy of X ++ 2 versus the distance are reported in Fig. 5. Also shown is the electrostatic repulsive curve for two single charges (e 2 /r). For Hg ++ 2 , the energy dependence derived with the present modified Hamiltonian is similar to the previous studies [43,44]. Hg ++ 2 is metastable for r close to 2.4 Å which is a shorter length compared to the bond length in neutral and singly ionized mercury clusters. A D E value for metastable Hg ++ 2 is reported by Neisler and al [43] and is worth 1.56 eV (2.51 eV) in a (non)relativistic CI calculations associated with a bond distance of 2.53(2.81) Å. The present calculations give a bond distance of 2.45 Å, a dissociation energy of 2.21eV and a dissociation barrier of 1.03eV for Hg ++ 2 . For Cd ++ 2 (Zn ++ 2 ), the bond distance is equal to 2.40(2.46) Å, the dissociation energy is worth 1.89(2.36)eV and the dissociation barrier is worth 1.38(0.92)eV. For the dissociation distance range, the Slater determinants with two holes on the same site contribute to the cluster state.

Note that for large r, the energy decreases like 1 r . Finally let us report that metastable Cd ++ 2 have been observed in the gas phase [45]. A diatomic dication formation of Cd ++ 2 due to the resonant collisional electron-transfer process was used to explain the presence of metastable Cd ++ 2 . Our calculations confirm the metasta-