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The low-lying electronic states of silicon dimer (Si2) and its cation (Si + 2 ) have been studied by single-photon photoelectron spectroscopy combining a flow-tube reactor, vacuum-ultraviolet synchrotron radiation, and a double imaging photoelectron/photoion spectrometer. The energy range covered in this study (7.0 -9.5 eV) allowed to observe several photoionising transitions involving the three lowest electronic states of Si2 (X 3 Σ - g , D 3 Πu, a 1 ∆g) and five of the six lowest states of Si + 2 (X + 4 Σ - g , a + 2 Πu, b + 2 ∆g, c + 2 Σ - g , and e + 2 Πu). Using ab initio calculations and Franck-Condon simulations, several electronic transitions are identified which bring new elements in the description of the dense electronic landscapes of the silicon dimer and its cation. Interestingly, one of the most intense transitions is spin-forbidden (X + 4 Σ - g ← a 1 ∆g) and is most probably observed through autoionisation processes by spin interactions.

Introduction

Silicon-bearing molecules are considered to be important in astrophysical media since silicon was observed as a constituent of cool carbon stars [1,2]. Similar to carbon dimer (C 2 ) and silicon carbide (SiC) which have been observed in interstellar space [3,4], silicon dimer (Si 2 ) attracts the interest as it could potentially play a role in the astrophysical reactions as a building block of interstellar silicate dust. Meanwhile, as the smallest Si n cluster, studying Si 2 is also crucial to explore how chemical bonding in a cluster evolves with the number of atoms. This is extremely interesting in some application areas such as semiconductor devices in microelectronics industry [5,6]. Despite all of the above, the experimental spectroscopic studies on silicon dimer and especially its ions are sparse. Indeed, high molecular productions in the gas phase of a transient species are challenging and the vibronic structures of these two particular systems are complex due to their numerous low-lying electronic states [7,8].

The electronic ground state of Si 2 is X 3 Σ - g , and the first excited electronic state, D 3 Π u , observed for the first time by Douglas [9,10] lies slightly above. These two states are so close in energy that their ordering was ambiguous for a while [11]. Their energy difference was first experimentally measured to be 0.053±0.015 eV by Nimlos et al. [12] and a few years later to be 0.083 ± 0.010 eV by Kitsopoulos et al. [13] by means of photodetachment spectroscopy on Si - 2 anion. In the latter work, the energy of the singlet excited electronic states of Si 2 , a 1 ∆ g , b 1 Π u , and c 1 Σ + g , was also determined with respect to the X 3 Σ - g ground state. The values derived by Kitsopoulos et al. are in good agreement with the calculated ones by Shi et al. [7], who investigated the properties of numerous states of Si 2 using the Complete Active Space Self-Consistent Field (CASSCF) method followed by the valence internally contracted MultiReference Configuration Interaction (MRCI) approach.

The ionisation energy of silicon dimer has been investigated experimentally in a few papers since the 50's [14][15][16][17] and, to our knowledge, was first properly bracketed between 7.9 to 8.1 eV by Winstead et al. [18] and refined by Marijnissen et al. [6] at 7.9206 (9) eV using multi-photon ionisation. These results were later supported by the calculations of Dixon et al. (7.913 eV) [19]. More recently, Kostko et al. [20] measured the adiabatic ionisation energy of Si 2 (7.92 ± 0.05 eV) by means of vacuum-ultraviolet (VUV) single photon ionisation. In addition, they observed a feature at 8.3 eV that they assigned to the a + 2 Π u ← X 3 Σ - g photoionising transition. This finding is in good agreement with the calculated adiabatic ionisation energy of this transition (8.443 eV) obtained by Dixon et al. [19].

More information about the electronic structure of the Si + 2 cation can be found in the paper of Liu et al. [8] in which the 12 lowest quartet and the 12 lowest doublet electronic states are calculated at the MRCI+ Q/AVQZ level.

Very recently, the two quartet excited states of Si + 2 ( 4 Σ - u (I) and 4 Σ - u (II)) have been observed experimentally via photodissociation spectroscopy of mass selected ions [21]. These states have been found at 2.9 and 4.6 eV above the ground state, respectively, in very good agreement with the calculated values (2.829 eV and 4.195 eV, respectively) by Liu et al. [8].

In the present paper, we report a single-photon threshold photoelectron spectrum of Si 2 between 7.0 and 9.5 eV produced in a flow-tube reactor from SiH 4 . Our reactor enables us to produce simultaneously the silicon dimer in the three lowest electronic states of the neutral species and thus to record several vibronic photoionising transitions involving several electronic states of the neutral and the cationic species that we assigned using ab initio and Franck-Condon calculations.

Methodologies

Experimental details

The experiments were performed at the SOLEIL synchrotron facility, on the DESIRS beamline [22]. The experimental setup combining the flow-tube reactor and the DE-LICIOUS3 spectrometer [23] has been described previously [24,25] and all the experimental conditions have been recently detailed in Ref. [26] in which we have reported a study of the photoionisation of the SiH radical. Both species (SiH and Si 2 ) were produced simultaneously and studied separately thanks to the coincidence detection scheme of the DELICIOUS3 spectrometer allowing for mass-selected photoelectron spectroscopy.

Here, we will just remind that the final spectral resolution of the presented ion yield and slow photoelectron spectrum (SPES) is δλ = 2.16 Å (corresponding to δE from 9 to 16 meV in the 7-9.5 eV energy range) and 10 meV (at 7.9 eV), respectively, with an energy scale accuracy of ±3 meV [26]. Note that the extraction field used to extract the ions and the electrons (88.7 V/cm) leads to a field-induced downshift of the ionisation energies of approximately 7 meV.

Calculation details

The electronic configurations of the three and six lowest electronic states of Si 2 and Si + 2 , respectively, are reported in Table 1. The ab initio calculations on these electronic states were performed using the internally contracted multireference configuration interaction method with Davidson correction (MRCI + Q) with complete active space self-consistent field (CASSCF) wave-functions. The CASSCF and MRCI calculations were carried out at full valence, namely with 28 (27 for Si + 2 ) electrons distributed in 18 orbitals with the 1s, 2s, and 2p orbitals of silicon atoms kept doubly occupied and fully optimized. All calculations were performed using the MOLPRO 2015 package [START_REF] Werner | version 2015.1, a package of ab initio programs[END_REF]. Note that in this paper, only the three lowest electronic states of Si 2 are of interest and additional information about the electronic structure of the neutral species can be found in Refs. [2], [7], and [19]. 

Species State

a Main configurations b Weights c Si 2 X 3 Σ - g [...](4σ u ) 2 (5σ g ) 2 (2π u ) 2 (2π g ) 0 92% D 3 Π u [...](4σ u ) 2 (5σ g ) 1 (2π u ) 3 (2π g ) 0 176% +[...](4σ u ) 2 (5σ g ) 1 (2π u ) 1 (2π g ) 2 8% +[...](4σ u ) 1 (5σ g ) 2 (2π u ) 2 (2π g ) 1 5% a 1 ∆ g [...](4σ u ) 2 (5σ g ) 2 (2π u ) 2 (2π g ) 0 181% +[...](4σ u ) 2 (5σ g ) 2 (2π u ) 0 (2π g ) 2 6% Si + 2 X + 4 Σ - g [...](4σ u ) 2 (5σ g ) 1 (2π u ) 2 (2π g ) 0 90% a + 2 Π u [...](4σ u ) 2 (5σ g ) 2 (2π u ) 1 (2π g ) 0 177% +[...](4σ u ) 2 (5σ g ) 0 (2π u ) 3 (2π g ) 0 7% b + 2 ∆ g [...](4σ u ) 2 (5σ g ) 1 (2π u ) 2 (2π g ) 0 174% +[...](4σ u ) 2 (5σ g ) 1 (2π u ) 0 (2π g ) 2 8% c + 2 Σ - g [...](4σ u ) 2 (5σ g ) 1 (2π u ) 2 (2π g ) 0 90% d + 2 Σ + g [...](4σ u ) 2 (5σ g ) 1 (2π u ) 2 (2π g ) 0 86% +[...](4σ u ) 2 (5σ g ) 1 (2π u ) 0 (2π g ) 2 6% e + 2 Π u [...](4σ u ) 2 (5σ g ) 0 (2π u ) 3 (2π g ) 0 96% +[...](4σ u ) 2 (5σ g ) 2 (2π u ) 1 (2π g ) 0 72% +[...](4σ u ) 0 (5σ g ) 2 (2π u ) 3 (2π g ) 0 7% +[...](4σ u ) 2 (5σ g ) 0 (2π u ) 1 (2π g ) 2 7%
a States are ordered by increasing adiabatic energies ; b Only configurations with a contribution higher than 5% are reported. [...] stands for a closed-shell core of 9 molecular orbitals: (1σ g ) 2 (1σ u ) 2 (2σ g ) 2 (2σ u ) 2 (3σ g ) 2 (3σ u ) 2 (1π u ) 4 (1π g ) 4 (4σ g ) 2 ; c Weights at the equilibrium geometries of the corresponding states (see Table 2) and including the electronic degeneracy (in the range 0 -100% for Σ states and 0 -200% for Π and ∆ states)

Single-point calculations were performed with the AVnZ (n = T, Q, 5, and 6) basis sets for the equilibrium geometries and harmonic frequencies for the three lowest electronic states of Si 2 and the six lowest electronic states of Si + 2 . In Figure 1, the potential energy curves calculated with the AV5Z basis set of the electronic states of Si 2 and of Si + 2 listed in Table 1 are displayed as a function of the Si-Si bond length, R(Si -Si), with a 0.01 Å step size. Complete basis set (CBS) extrapolations were carried out using the AVnZ (n = D, T, Q, 5, and 6) basis set series. The CASSCF (E CASSCF ) and dynamical correlation (E corr = E MRCI+Q -E CASSCF ) energies were extrapolated using the E CASSCF (CBS) + A × exp(-Bn) and E Corr (CBS) + C × n -3 functions, respectively. The vibrational frequencies (ω e ) and the equilibrium geometries (R e ) were extrapolated using the same function as for the dynamical correlation extrapolation. The calculated energies reported in this paper, corresponding to E CASSCF (CBS) + E Corr (CBS), are noted E e and, when corrected by the zero point energy (ZPE), E 0 . The Franck-Condon (FC) calculations shown in the following section were performed with ezFCF (formerly known as ezSpectrum) [START_REF] Gozem | [END_REF] using the ab initio output files calculated with the AVQZ basis set and neglecting spin. We had to limit our FC calculation to the AVQZ basis set level to avoid convergence issues with the MOLPRO standard procedure for the vibrational frequency calculations with the AV6Z (for the c + 2 Σ - g , d + 2 Σ + g , and e + 2 Π u states) or even AV6Z and AV5Z (for the b + 2 ∆ g state) basis sets. The adiabatic transition energies obtained by the CBS extrapolations corrected from the ZPE were used to fix the energy of the origin bands (v + = 0 ← v = 0) of the calculated spectra for the vibronic band assignments.

X 3 Σ - g D 3 Π u a 1 ∆ g X + 4 Σ - g d + 2 Σ + g a + 2 Π u e + 2 Π u b + 2 ∆ g c + 2 Σ - g 1.8 2 
The anharmonic constants (ω e x e and ω e y e ) could not be extrapolated because their trend could not be fitted. Indeed, the values depend slightly on the basis used (i.e. with-out regular progression) and we preferred to keep the values obtained with the largest basis set (AV6Z). Anharmonic frequencies were calculated using the DIATOMIC routine in MOLPRO [START_REF] Werner | version 2015.1, a package of ab initio programs[END_REF] where the potential curves were fitted with a polynomial of 8 th order, allowing the spectroscopic constants to be calculated (ω e , ω e x e , and ω e y e ) except for the two lowest 2 Π u states of Si + 2 . Indeed, these two states should cross each other around 2.2 Å. The resulting avoided crossing precludes a description by harmonic potentials, except near their minimum. We have therefore preferred to not calculate the anharmonic constants for these two states, as the anharmonic corrections are not sufficient to describe the potentials far from the equilibrium position. For the two 2 Π u states of Si + 2 , the vibrational frequencies ω e given in Table 2 are the harmonic vibrational frequencies calculated using the standard MOLPRO procedure [START_REF] Werner | version 2015.1, a package of ab initio programs[END_REF] for the lowest 2 Π u state and the finite difference method for the second one. The standard MOLPRO method could not be applied for the latter because it requires working without symmetry which induces many instabilities for the calculation of excited electronic states. The molecular properties calculated in this work are summarised in Table 2 and compared with the theoretical works of Dixon et al. [19], Shi et al. [7], and Liu et al. [8]. The overall agreement is very satisfactory.

To calculate the photoelectron spectrum, we estimate the efficiency of each photoionising transition considering a constant ionisation cross section for each ejected electron [29]. To calculate the number of involved electrons we sum over all the allowed transitions between the initial and final electronic states. As the electronic states of Si 2 and Si + 2 are multiconfigurational, this amount is given by the sum of the weight products of the electronic configurations of the Si 2 and Si + 2 electronic states involved in the transition. The relative ionisation efficiencies are given in Table 3.

Finally, the approach used in this paper to analyse and to assign our experimental spectrum from the above-mentioned calculations consists in :

(1) producing a calculated spectrum (using only our ab initio and Franck-Condon calculations, and our ionisation efficiency estimations), (2) adjusting the energies of the assigned photoionising transitions, (3) optimizing the vibronic temperature and the relative population of the singlet and triplet states (metastable state population can survive until the ionisation region), and (4) adjusting the relative efficiency of the transitions.

(Note that the adjustments are kept as small as possible.)

Results and discussion

Vibronic structure of the photoelectron spectrum

Figure 1 gives an overview of the complex electronic landscapes of Si 2 and Si + 2 in the vicinity of their ground electronic states. As the flow-tube reactor used in this experiment usually produces species with vibronic temperatures of a few hundred or a few thousand kelvins [25,26,[30][31][32], one can predict that the photoelectron spectrum of Si 2 in the vicinity of the X + 4 Σ - g ← X 3 Σ - g adiabatic photoionisation transition might be an overlap of several vibronic transitions involving several neutral and cationic states. This is indeed confirmed by the experimental spectrum depicted in the upper panel of Figure 2. [8], only the energies with respect to the cationic ground state are given. The values reported here correspond to the addition of their energies and our calculated cationic origin (7.883 eV); e the vibrational frequency wavenumber (ω e ) of the c + 2 Σ - g has been extrapolated using only the AVnZ (n = T, Q, 5, and 6) basis set series because the AVDZ value was not converged enough and thus is excluded from the fit. Table 3. Adiabatic ionisation energies (E in eV) and relative ionisation efficiency (Φ in arbitrary units) of the photoionising transitions of Si 2 . The calculated energy values have been derived from the values listed in the E 0 column of Table 2. 0.75 0 a The experimental values have been obtained by manually adjusting the simulation on the experimental spectrum. These transition energies correspond to E 0 (X 3 Σ - g ) = 0 eV, E 0 (D 3 Π u ) = 0.050 (7) eV, and E 0 (a 1 ∆ g ) = 0.437 (7) eV which have been also manually adjusted. The uncertainties on the values derived in our work take into account the photon energy calibration and the energy scaling of the simulation. The given energies are sometimes obtained from several transitions which influences the uncertainties. b from Ref. [19]. c from Ref. [20]. d unobserved transition (no other transition can be used to determine the corresponding energy). e forbidden transition. f when the values could not be optimised with the experimental spectrum, the calculated values were used. 

Transition E calc. E exp. a Φ calc. Φ exp. f X + 4 Σ - g ← X 3 Σ - g 7.
X + 4 Σ g -←X 3 Σ g - convcurve[, 1] convcurve[, 2] a + 2 Π u ←X 3 Σ g - convcurve[, 1] convcurve[, 2] c + 2 Σ g -←X 3 Σ g - convcurve[, 1] convcurve[, 2] e + 2 Π u ←X 3 Σ g - convcurve[, 1] convcurve[, 2] X + 4 Σ g -←D 3 Π u convcurve[, 1] convcurve[, 2] a + 2 Π u ←D 3 Π u convcurve[, 1] convcurve[, 2] b + 2 ∆ g ←D 3 Π u convcurve[, 1] convcurve[, 2] c + 2 Σ g -←D 3 Π u convcurve[, 1] convcurve[, 2] d + 2 Σ g + ←D 3 Π u convcurve[, 1] convcurve[, 2] e + 2 Π u ←D 3 Π u convcurve[, 1] convcurve[, 2] X + 4 Σ g - ←a 1 ∆ g convcurve[, 1] convcurve[, 2] a + 2 Π u ←a 1 ∆ g convcurve[, 1] convcurve[, 2] b + 2 ∆ g ←a 1 ∆ g convcurve[, 1] convcurve[, 2] c + 2 Σ g -←a 1 ∆ g convcurve[, 1] convcurve[, 2] d + 2 Σ g + ←a 1 ∆ g convcurve[, 1] convcurve[, 2]
e + 2 Π u ←a 1 ∆ g 7.0 7.5 8.0 8.5 9.0 9.5

Photon energy / eV Intensity Figure 2. Experimental photoelectron spectrum of Si 2 (upper panel) compared with the calculated spectra of 16 vibronic transitions in the energy range from 7.0 eV to 9.5 eV (16 lower panels). The simulations are gathered according to the initial electronic state of the neutral species. In the calculated spectra, the black sticks correspond to the FCF simulations at 1500 K and the lines are their convolved spectra using a Gaussian line shape (FWHM = 25 meV). The colours of the lines of the calculated spectra refer to the cationic-state potential-energy curves depicted in Figure 1. For clarity, the calculated spectra have been enlarged on the intensity axis (y-axis).

From the electronic configurations given in Table 1, and the photoionisation selection rules for diatomic molecules [33], 15 transitions involving the electronic states listed in Table 1 are allowed in the energy range of our measurement: 4 from the X 3 Σ - g electronic ground state of Si 2 , 6 from its D 3 Π u first excited state, and 5 from its a 1 ∆ g excited state. One additional vibronic transition is however observed around 7.48 eV that we could only assign to the nominally forbidden X + 4 Σ - g ← a 1 ∆ g photoionising transition from our electronic state energy calculations. For each of these transitions, we have performed a FC simulation and the corresponding calculated stick spectra are reported in Figure 2 along with their corresponding convolved spectra using a Gaussian line shape with FWHM = 25 meV (Full Width at Half Maximum). The convolution is used to facilitate the comparison with the experimental spectrum whose vibronic bandwidths are broadened due to the rotational envelop and the spectral resolution of our measurement. The FC simulated spectra have been shifted in energy for all these vibronic transitions to match their origin band with our calculated transition energies listed in Table 3. The vibrational temperature has been manually adjusted to 1500 K to best match the vibrational progressions of the overall transitions, but it is probably not very well defined due to its low perturbation and the Franck-Condon approximation of our simulation. Note that this temperature is more readily optimised with Figure 3 (see below). From Figure 2, three photoionising transitions are unambiguously assigned, namely

X + 4 Σ - g ← X 3 Σ - g , c + 2 Σ - g ← X 3 Σ - g , and X + 4 Σ - g ← a 1
∆ g , which yield the energy of the a 1 ∆ g state of Si 2 as well as those of the X + 4 Σ - g and c + 2 Σ - g cationic states with respect to the X 3 Σ - g neutral ground state. The four additional photoionising transitions have been assigned among the predicted transitions displayed in Figure 2 using the following criteria: (i) the predicted ionisation energy (see Table 3), (ii) the predicted relative ionisation efficiency (see section 2.2 and Table 3), and (iii) conditions on the neutral state populations. Concerning the last criterion, the ratio of the triplet state populations (D 3 Π u /X 3 Σ - g ) should be consistent with the vibrational temperature, assuming that T vib. = T elec. . However, the population of the 1 ∆ g metastable state might not be given by T elec. but rather be proportional to the spin degeneracy of the reactive curve producing this state. Assuming that Si 2 molecules, in its singlet and triplet states, are produced by the Si( 3 P ) + Si( 3 P) reaction, the spin degeneracy of the singlet reactive curve is equal to 1 for the sum of singlet states and 3 for the sum of the triplet states. All the singlet states quickly relax towards the 1 ∆ g state and the triplet states towards the two lowest triplet states.

From these criteria we deduce that:

• the X + 4 Σ - g ← D 3 Π u transition is responsible for the vibrational progression between 7.7 and 8.1 eV, while the two visible albeit small peaks around 8.1 eV confirm the presence of the a + 2 Π u ← a 1 ∆ g transition; from these two transitions, the energies of D 3 Π u state and a + 2 Π u are then determined, • the band observed at 8.184 eV is the signature of the b + 2 ∆ g ← a 1 ∆ g which allows the determination of the b + 2 ∆ g state energy,

• the e + 2 Π u ← X 3 Σ - g and e + 2 Π u ← D 3 Π u transitions are both responsible for the structures observed around 9.2 eV, consequently allowing us to derive the energy of e + 2 Π u (the splitting between the two bands being fixed by E 0 (D 3 Π u ) obtained from the X + 4 Σ - g ← X 3 Σ - g and X + 4 Σ - g ← D 3 Π u transitions), which in turn confirms the D 3 Π u energy value, and • the broad feature between 8.3 and 9 eV can be due to several photoionising transitions and the energies of most of them are already imposed by the abovementioned assignments. Only the d + 2 Σ + g ← D 3 Π u and d + 2 Σ + g ← a 1 ∆ g transitions are not observed. We deduced that this feature is mainly the result of the a + 2 Π u ← X 3 Σ - g and b + 2 ∆ g ← D 3 Π u transitions which are predicted to be the most intense in this region with small contributions of the a

+ 2 Π u ← D 3 Π u , c + 2 Σ - g ← D 3
Π u , and e + 2 Π u ← a 1 ∆ g transitions. (Note that these assignments are tentative due to the low signal-to-noise ratio of our experimental spectrum in this region). 

X + 4 Σ g -←X 3 Σ g - -2 -1 0 1 2 3 4 5 6 7 ∆v= a + 2 Π u ←X 3 Σ g - -1 0 1 ∆v= c + 2 Σ g - ←X 3 Σ g - -1 0 1 2 ∆v= e + 2 Π u ←X 3 Σ g - -1 0 1 2 3 ∆v= a + 2 Π u ←a 1 ∆ g -3 -2 -1 0 1 2 3 4 5 ∆v= X + 4 Σ g -←D 3 Π u -1 0 1 ∆v= X + 4 Σ g -←a 1 ∆ g -1 0 1 2 ∆v= b + 2 ∆ g ←a 1 ∆ g -3 -2 -1 0 1 2 3 4 5 6 7 8 ∆v= b + 2 ∆ g ←D 3 Π u -1 0 1 2 ∆v= e + 2 Π u ←D 3 Π u Figure 3.
Experimental photoelectron spectrum of Si 2 (in black) compared with the simulated spectrum (in red) obtained by summing the FC simulations weighted with the ionisation efficiencies of the photoionising transitions listed in Table 3. The simulated spectrum was obtained by the convolution with Gaussian line shape at FWHM = 25 meV, with the vibrational temperature equal to 1500 K. Only the transitions with the highest intensities are labeled for clarity.

From these findings, we were able to make a complete simulation (see Figure 3) taking into account all the transitions listed in Table 3 except d + 2 Σ + g ← D 3 Π u and d + 2 Σ + g ← a 1 ∆ g transitions. As our final simulated spectrum is in very good agreement with our experimental spectrum, we conclude that these two transitions (not clearly identified) should have weak intensities and thus no information about these transitions or the d + 2 Σ + g cationic state can be deduced from this work. Note that the e + 2 Π u ← a 1 ∆ g transition energy is imposed by the other transitions in a range where there is no signal, which allows to set its ionisation efficiency to 0 (unlike for the transitions involving the d + 2 Σ + g state whose energies are not clearly defined). In the complete simulation displayed in Figure 3, we have manually adjusted the band positions of FC calculations, the neutral state populations, and the relative ionisation efficiencies. The first step was to use the calculated ionisation efficiencies and only 5 values among 16 have been adjusted.

The adjusted populations are 1.000, 1.268, and 0.750 for the X 3 Σ - g , D 3 Π u , and a 1 ∆ g states, respectively. The populations of the two lowest states are in perfect agreement with a thermal population at 1500 K whereas the singlet state population does not follow a thermal population as mentioned above but is rather proportional to the spin degeneracy of the Si 2 singlet surface (1) compared to the triplet surface (3) (the population ratio, pop(X 3 Σ - g + D 3 Π u )/pop(a 1 ∆ g ), is here equal to 3.02). This higher population is thus compatible with a co-production of the Si 2 singlet and triplet states, assuming a relaxation time from the singlet to the triplet states longer than the residence time of Si 2 in the flow tube reactor (about 1 ms). The final simulation displayed in Figure 3 is in very good agreement with our experimental spectrum which confirms our assignment. The optimised experimental adiabatic ionisation energies and ionisation efficiencies are reported in Table 3.

Si +

2 ion yield The Si + 2 ion yield has been also measured in the present work and is reported in Figure 4. The energies of the photoionising transitions derived from the photoelectron spectrum analysis are reported in this figure as vertical lines. Despite the low signalto-noise ratio, a few autoionisation peaks are observed and in particular at the photon energy where the photoelectron spectrum exhibits the X + 4 Σ - g ← a 1 ∆ g forbidden transition. In addition, a small narrow autoionisation peak is observed at exactly the position of the X + 4 Σ - g ← D 3 Π u transition, which may explain the slightly enhanced photoelectron signal at the origin band of this transition in the experimental spectrum (see Fig. 3 at 7.87 eV). From the ion yield spectrum quality and the complex electronic structure of the cation, it is difficult to extract more information about the Rydberg states responsible for the autoionisation signals. More theoretical investigations, out of the scope of this paper, and higher resolution measurements are needed.

3.3. The X + 4 Σ - g ← a 1 ∆ g forbidden transition As mentioned above, a quite strong signal is observed in the photoelectron spectrum around 7.5 eV that we could only assign to the forbidden photoionisation transition X + 4 Σ - g ← a 1 ∆ g using our calculations. This quartet-singlet transition involves not only the ejection of an electron but also a change of an electron-spin. In this case, the transition does not follow the selection rules for the photoionisation transitions of diatomic molecules proposed by Xie et al. [33], which discussed photoionisation transitions involving only one electron. The occurence of forbidden transition in photoelectron spectroscopy can be rationalised invoking "shake-up" processes [34,35], spin-orbit coupling [36] or even autoionisation through spin interactions [37].

In the raw photoelectron matrix depicted in Figure 5, from which the experimental photoelectron spectrum of Figures 2 and3 has been derived, one can already get information about this forbidden transition. Note that the colour scale of this figure has been intentionally saturated. All the direct photoionising transitions appear as diagonal lines merely by energy conservation. The signature of the forbidden transitions is however slightly different. The signal appears at 7.48 eV and ≈ 0 eV photoelectron kinetic energy, continues along the diagonal over about 0.75 eV of kinetic energy before its disappearance. According to Ref. [34], this means that this signal is related to a "dynamic" electron correlation effect rather than an "intrinsic" one. The latter can normally be understood as the multiconfigurational nature of the initial and final states which induces an intensity of photoelectron independent from the incident photon energy above the threshold [35].

Considering the occurence of the spin-forbidden transition as well as the "dynamic" character of this transition, we propose the following mechanism. A singlet state 1 Π u Rydberg state is excited by the absorption of one photon which in turn auotoionises into the ionic ground state X 4 Σ - g continuum, the latter step being allowed invoking spin-orbit interactions in the neutral Rydberg states. The key idea is that this spinforbidden autoionisation gains its intensity from weak spin interactions which couple 

Σ g - ←X 3 Σ g - a + 2 Π u ←X 3 Σ g - c + 2 Σ g - ←X 3 Σ g - e + 2 Π u ←X 3 Σ g - Χ + 4 Σ g - ←D 3 Π u Χ + 4 Σ g - ←a 1 ∆ g b + 2 ∆ g ←a 1 ∆ g Figure 4.
Si + 2 ion yield as a function of the photon energy. The ionisation thresholds derived from the photoelectron spectrum are reported as vertical lines. The colours of the vertical lines refer to the cationicstate potential-energy curves depicted in Figure 1 states with different spins. This mechanism has been already proposed by Pratt et al. [37] in the case of atomic oxygen photoionisation. In their experiment, the atomic oxygen was produced in the excited 1 D 2 state and then excited to the 1 P 1 and 1 F 3 levels, from which the autoionisation towards the O + 4 S • 3/2 threshold state is forbidden in LS coupling. However, the experimental observations demonstrate that the autoionisation from 1 P 1 and 1 F 3 to O + 4 S • 3/2 threshold state has a relatively high rate. This is explained by the spin-orbit and spin-spin interactions of 1 P 1 with the ( 4 S • 3/2 + e -(p)) 3 P 1 continuum and ( 4 S • 3/2 + e -(p)) 5 P 1 continuum, respectively, as well as the spinspin interaction of 1 F 3 with ( 4 S • 3/2 + e -(p)) 5 P 3 continuum, following the selection rules of spin-orbit interaction (∆L = 0, ±1, ∆S = 0, ±1, and ∆J = 0) and spin-spin interaction (∆L = 0, ±1, ±2, ∆S = 0, ±1, ±2, and ∆J = 0) [37].

Concerning the case of Si 2 , by analogy with the situation encountered with atomic oxygen by Pratt et al. [37], we can suspect that the molecule is excited from the a 1 ∆ g state to a 1 Π u Rydberg state, whose "forbidden" autoionisation towards the X + 4 Σ - g cationic ground state is induced by spin-orbit interaction with (X + 4 Σ - g + e -(π u )) 3 Π u continuum and/or spin-spin interaction with (X + 4 Σ - g + e -(π u )) 5 Π u continuum. This is consistent with the structures observed around 7.5 eV in the ion yield displayed in Figure 4 (typical autoionisation signature). This mechanism solves the spin-forbidden restriction by spin interactions but also explains the photoelectron kinetic energy dependency of this phenomenon (i.e. occurring only in the vicinity of the Rydberg states of interest). To confirm this hypothesis, more relevant theoretical and experimental works are necessary but out of the scope of the present paper.

Conclusions and perspectives

In this paper, we have presented a single-photon ionisation experiment of Si 2 in the vicinity of its first adiabatic ionisation threshold using a flow-tube reactor coupled with a double-imaging photoelectron/photoion spectrometer and VUV synchrotron radiations on the DESIRS beamline of SOLEIL synchrotron. We succeeded in observing and assigning several vibronic photoionising transitions allowing an energetic description of the complex electronic landscape of Si + 2 (i.e. observation of the X + 4 Σ - g , a + 2 Π u , b + 2 ∆ g , c + 2 Σ - g , and e + 2 Π u states within the same experimental spectrum). The agreement between our calculated and experimental spectra is remarkable, in particular for the band intensities unaffected by autoionisation processes, validating the use of the simple Koizumi model [29].

In addition, the energy of the neutral D 3 Π u electronic state with respect to the electronic ground state (X 3 Σ - g ) has been derived (50(7) meV). This value confirms the one determined by Nimlos et al. [12] (53(15) meV) rather than the one of Kitsopoulos et al. [13] (83(10) meV). Among all our observed transitions, the spin-forbidden quartetsinglet transition is particularly interesting. Its occurence is rationalised by invoking autoionisation processes induced by spin interactions [37]. This experimental finding will serve as benchmark for chemical physics calculations.
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Figure 5 .

 5 Figure 5. Raw photoelectron matrix corresponding to m/z = 56. The colour scale is saturated in order to clearly see the low intensity signal at about 7.48 eV.

Table 1 .

 1 Analysis of the CASSCF wavefunctions of Si 2 and Si + 2 in terms of electronic configurations.

Table 2 .

 2 Calculated molecular properties of the three lowest electronic states of the neutral Si 2 and the six lowest electronic states of its cation Si + 2 (this work and comparison with the literature). All values from this paper correspond to complete basis set extrapolations except for the anharmonicity constants (ωexe and ωeye) which are calculated at AV6Z level of theory. See section 2.2 for details about the vibrational wavenumber calculations (ωe).

		State	R e	ω e	ω e x e	ω e y e	E e	E 0
			(/ Å)	(/cm -1 )	(/cm -1 )	(/cm -1 )	(/eV)	(/eV)
	Si 2	X 3 Σ -g	2.2568 2.2436 a	509.4 512.75 a	2.01 2.0256 a	0.00 0.0048816 a	0.0000	0.0000
		D 3 Π u	2.1678 2.1513 a	544.2 551.62 a	2.42 2.3839 a	0.00 0.048247 a	0.057 0.0894 a	0.059
		a 1 ∆ g	2.2883 2.2752 a	484.3 486.39 a	2.07 1.7896 a	0.00 0.0057418 a	0.421 0.4331 a	0.419
	Si + 2	X + 4 Σ -g	2.2717 2.2780 b	471.3 467.82 b	2.51 2.5808 b	0.00	7.883	7.881 7.913 c
		a + 2 Π u	2.4559	393.13	-	-	8.421	8.414
			2.4550 b	388.48 b	2.2620 b		8.3934 b,d	8.443 c
		b + 2 ∆ g	2.3175	429.1	2.77	0.00	8.590	8.585
			2.3215 b	424.62 b	2.7988 b		8.6025 b,d	
		c + 2 Σ -g	2.2710	478.3 e	5.67	0.10	8.653	8.651
			2.2795 b	464.67 b	3.0136 b		8.6624 b,d	
		d + 2 Σ + g	2.3650	385.1	2.86	0.00	8.940	8.932
			2.3740 b	379.38 b	2.8007 b		8.9837 b,d	
		e + 2 Π u	2.2173	615.5	-	-	9.186	9.192
			2.2165 b	595.54 b	6.6539 b		9.2284 b,d	

a Calculated values from Ref.

[7] 

; b Calculated values from Ref.

[8] 

; c Calculated values from Ref.

[19] 

; d In Ref.
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