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Configuration interaction study including the effects of spin-orbit coupling for the electronic states of the LiX molecules (X=C, Si, Ge, Sn)
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Ab initio multireference configuration interaction calculations including spin-orbit coupling effects have been carried out for four LiX molecules (X=C, Si, Ge and Sn). Potential energy curves of the ground and low-lying excited states have been obtained in each case as well as the corresponding spectroscopic constants. Transition moments have also been computed in order to give estimates of the radiative lifetimes of the excited states for each system. Trends in a variety of quantities such as Te values, spin-orbit splittings, equilibrium bond lengths and vibrational frequencies for this series of molecules are discussed in detail and comparison with the corresponding data reported earlier for the PbLi system is also made.

Introduction

The complementary importance of theoretical chemistry to experimental work has now long been accepted. As a very recent example, the interpretation of the complex experimental spectra of PbLi received major help from the ab initio relativistic configuration interaction (CI) calculations [1]. PbLi has a number of bound states in the low-energy excitation region (within 14000 cm -1 above the ground state). Further complexity is a natural consequence of the strong spin-orbit (SO) coupling characteristic for the PbLi system. Ab initio calculations of spectroscopic constants (T e , ω e and r e ) and transition moments significantly simplified identification of the emission spectra of the hitherto unknown free radical PbLi [1].

The lighter diatomics of Li and Group IVA elements C-Sn are equally important in their chemical interest. The lightest molecule of this series LiC is known for its importance in radiocarbon dating [2] and as anode in Lithium-ion batteries [START_REF] Nazri | Lithium Batteries Science and Technology[END_REF]. Meanwhile LiSi is of special interest for the Li-ion batteries due to the large theoretical specific charge capacity of silicon [START_REF] Kubota | [END_REF]. LiSi and LiGe compounds are the so-called Zintl phases [5], which are known to have good semiconductor properties, whereas LiSn and PbLi belong to the class of intermetallic phases [5] possessing ceramic-like properties. In all these cases it is of interest to accurately determine the properties (e.g., bond lengths, vibrational frequencies etc.) of the single entity Li-X. Though DFT methods are being extensively applied to such cases (see, e.g., Refs. [START_REF] Kubota | [END_REF]6]), it is well known that not always they provide accurate and reliable data. Therefore, it is important to compare the DFT results with theoretical data obtained by more accurate ab initio approaches, like multireference CI used in the present study.

The low-energy electronic spectra of diatomic molecules containing the lithium atom are generally marked by a much higher density of states than for the corresponding hydrides. The reason for this distinction lies primarily in the well-known fact that hydrogen can form strong σ bonds with other atoms, whereas Li cannot. As a result, the energy gap between the highest-occupied σ molecular orbital (MO) and the lowest π is much smaller in lithium compounds, greatly increasing the number of their low-energy electronic configurations in comparison with the corresponding hydrides. Indeed, the latter relationship already can be seen from the fact that the ground states of the CLi and PbLi systems are not of 2 Π symmetry, with a σ 2 π configuration well known for CH and PbH, but rather prefer a σπ 2 occupation that causes the most stable state to be 4 Σ -in both Li compounds.

The SO interaction adds to the complexity in the spectra of the lithiumcontaining systems. This aspect is of little significance for LiC, but the effects of SO coupling are expected to grow steadily as heavier atoms replace carbon. For example, there are 19 bound electronic states that are found below 3.0 eV in the electronic spectrum of PbLi. Moreover, the composition of the resulting Ω states changes dramatically with the bond distance. The SO effects also have a strong influence on the radiative stability of the excited states of such systems. The purpose of the present study is to investigate trends in the spectra of the series of Li-Group IVA diatomic molecules by employing multireference single-and double-excitation configuration interaction (MRD-CI) calculations in conjunction with relativistic effective core potentials (RECP) to obtain potential energy curves and other properties of their ground and excited states. New calculations are reported for LiC, LiSi, LiGe and LiSn and comparison is also made with the results of earlier theoretical work dealing with PbLi.

Technical Details of the Theoretical Treatment

A common (12s7p4d)/[8s5p4d] basis set for Li [7] has been employed in the present study. The lithium 1s shell has been described using the RECP from Ref. [8]. The (12s7p4d1f )/[6s5p4d1f ] basis set for carbon has been taken from Ref. [7]. A RECP of the same type [8] has been employed to describe the 1s shell of the carbon atom. For Si a basis set of the (15s9p2d1f )/[5s4p2d1f ] type has been used which has been augmented with the diffuse s(0.033), p(0.0237), d(0.0556) and f (0.125) functions [9] along with a RECP from Ref. [8] to describe the 1s, 2s and 2p subshells. A semicore RECP [10] to describe the argon core and the augmented [6s5p3d2f ] basis set [11] have been used for germanium. The [7s6p4d2f ] basis set and the semicore relativistic core potential from Ref. [12] have been used to describe the tin atom. The original Sn basis set of Ref. [12] has been augmented by one s(0.01), p(0.01), d(0.08) and f (0.2) functions.

Self-consistent field (SCF) calculations has been performed for the neutral molecules in their ground 4 Σ -(σ 2 π 2 σ * ) states. The SCF calculations provide the symmetry-adapted molecular orbitals for constructing the reference spaces to be used in the multireference configuration interaction calculations [13,14]. Details of the CI calculations without the SO interaction are given for LiGe in [START_REF] Davidson | The World of Quantum Chemistry[END_REF][START_REF] Knowles | [END_REF], which takes into account the effects of higher than double excitations with respect to the reference configurations, has been applied to the extrapolated (T = 0) energies of each root to estimate the energies at the full CI level of treatment. There are no unbound states in the low-energy region of the spectra of these systems and hence no bound-free contribution is reported.

The variational wave functions are used to compute properties such as electric dipole moments and radiative lifetimes. These functions are also employed in the second step of the Λ -S contracted spin-orbit CI (LSC-SO-CI) procedure [17,18] to form a matrix representation of the full relativistic Hamiltonian including SO coupling. Finally, the calculated potential energy curves for the Ω states have been employed to solve the one-dimensional nuclear motion Schrödinger equations by means of the Numerov-Cooley method [19,20] in order to obtain the corresponding vibrational energies and wave functions. Further, dipole transition moments µ have been computed and used for calculation of the lifetimes of the various excited states according to the formula for the Einstein coefficient (s -1 ):

A = 2.026 × 10 -6 |µ| 2 ∆E 3 , (1) 
where µ is given in units of ea 0 and ∆E is the corresponding transition energy in cm -1 . The lifetime τ is then obtained as

τ = i A i -1 , (2) 
where the sum is over the lower-state vibrational levels.

Potential Energy Results Without Spin-Orbit Coupling

Potential energy curves for the 19 Λ-S states dissociating to the first three atomic limits of Li( 2 S) + X( 3 P ), Li( 2 S) + X( 1 D) and Li( 2 P o ) + X( 3 P ), with X = C, Si, Ge and Sn, are shown in Figs. 1234. In the actual calculations higher-lying states have also been included in order to take account of their effect on the more stable states. For purposes of clarity, however, only the lowest three atomic limits are shown in the figures. The ground state dissociation energy without including the SO interaction has been calculated to be energy calculation for the ground state of LiSn carried out within the framework of the DFT approach [6] has given 0.993 eV, which is 0.5 eV smaller than the present ab initio value. This indicates that the DFT method employed in Ref. [6] requires significant improvement of accuracy. No experimental or theoretical results are available for comparison in case of the LiGe radical.

The ground state symmetry is found to be 4 Σ -(σ 2 π 2 σ * ) in all cases. As mentioned in Ref. [21], the ion-pair ground state of LiC should correlate with Li + C -, but it converges to the lowest Li( 2 S) + C( 3 P ) neutral atom asymptote due to a strongly avoided crossing with the 2 4 Σ -state. The same is also true for the other molecules of this series. Three other states, namely 2 Σ -and 2,4 Π, correlate to the lowest dissociation limit. The 2 Π state is the first excited state resulting from the π → σ * electronic excitation. The 2 Σ -state is also bound and arises from the ground state electronic configuration, while 4 Π is repulsive in character and arises from the π → σ * * electronic transition. The potential curves of the states dissociating to this limit are rather similar (Figs. 1234) in all four cases, except for the fact that the equilibrium distances are progressively shifted towards larger values and the potential wells get shallower, as to be expected.

The states converging to the second atomic limit of Li( 2 S) + X( 1 D) are the 2 Σ + (σ 2 π 2 σ * ), 2 2 Π (σ 2 π 3 ) and 2 ∆ (σ 2 π 2 σ * ) states. The 2 2 Π state is bound in all four molecules, but the potential well becomes shallower as one moves downward from LiC to LiSn. The other two states corresponding to the second asymptote are also bound. The third atomic limit, which has also been included in the calculations, is Li( 2 P o ) + X( 3 P ). A total of 12 Λ -S states dissociate to this limit. Of these states, only 3 2 Π, 2 2 Σ + , 2 2 Σ -and 4 2 Π show strongly bound character.

In this case the second, third and fourth 2 Π states deserve a closer look. The avoided crossings of these three states can be clearly seen in the potential energy diagrams. An analysis of the leading electronic configurations of the 2 Π states at the Λ -S level makes the picture even clearer. In the case of LiSi, LiGe and LiSn, 2 2 Π (σ 2 π 3 ) and 3 2 Π (σ 2 πσ * σ * * ) exchange character at about 5.2 -5.4 a 0 . The dipole moment curves of the two states cross each other in this interval. In the case of LiC the 2 2 Π and 3 2 Π states have a minimal energy splitting at 4.70 a 0 . According to Ricca et al. [21] this crossing occurs at about 4.72 a 0 . At the larger internuclear distances of approximately 6.2 -6.4 a 0 , an avoided crossing between 3 2 Π and 4 2 Π is observed for LiSi, LiGe and LiSn. The corresponding electronic configurations [3 2 Π (σ 2 π 3 ) and 4 2 Π (σ 2 πσ * σ * * )] are exchanged around this point. The 2 2 Π state dissociates to the Li( 2 S) + X( 1 D) limit, whereas 3 2 Π and 4 2 Π converge to Li( 2 P o ) + X( 3 P ). For LiC the picture is somewhat more complicated. The third and fourth 2 Π states lie notably higher in energy than in the other three systems and are more heavily mixed with the higher-lying 2 Π states. Therefore the well-defined exchange in character observed in other cases does not occur in LiC, in which, starting at ≃ 6.00 a 0 , contributions from the other electronic configurations become important. Ricca et al. [21] calculated this avoided crossing in LiC to occur at 6.24 a 0 , while an estimate of 6.4 a 0 is obtained in the present study. respectively, for all states that correlate with the first two Λ-S atomic asymptotes. Altogether, there are nine states that correlate with the lowest Λ -S dissociation limit, five of Ω = 1/2 symmetry, three of 3/2 and one of 5/2 symmetry. The lowest seven of these Ω states are found to have bound potentials and correspond to the 4 Σ -, 2 Π, 2 ∆/ 4 Π and 2 Σ -states. The computed spectroscopic constants for these states in all four molecules are given in Tables 2 (LiC) and 3 (others). Five additional bound Ω states are found for the lightest of the four molecules, LiC, which correspond to the 2 Σ + , 2 2 Π and 4 Π states in the Franck-Condon region und dissociate to the Li( 2 S) + X( 1 D) limit.

The SO mixing of the various Λ-S states slowly increases as one goes along the series. The Λ-S composition of states for the heaviest of the four molecules studied, LiSn, is shown in Table 4 for a number of key bond distances. The LiSn Ω=1/2 ground state changes its character substantially on the way to the dissociation limit, becoming a nearly equal mixture of X 4 Σ -, a 2 Π and 1 4 Π at R = 9.0 a 0 . By contrast, the lowest 3/2 state continues to have a nearly pure composition over a large range of bond distances until the a 2 Π state starts to make a significant contribution beyond R = 5.5 a 0 . The splitting between these two states at their nearly equal equilibrium geometries is only 53 cm -1 , whereas it is much smaller for the three lighter systems (Tables 23). In the latter three cases, the lower of the two Ω states has 3/2 symmetry (inverted order). The opposite ordering found for LiSn is consistent with the results of the earlier SO-CI study on PbLi reported by Setzer et al. [1]. The value of the splitting is much larger in the latter case (2086.6 cm -1 obs. vs. 1600-1800 cm -1 calc.), so this is a good measure of the increasing importance of the SO effects along the series. The main reason for the small SO splitting for this state in the four lighter molecules is the fact that the effect in question is only of second order because it is a Σ state. One can give a fairly simple explanation for the different ordering of the 1/2 and 3/2 components of the X 4 Σ -ground state in the light and heavy members of the LiX series. The X 4 Σ -splitting is mainly caused by its SO interaction with the a 2 Π state. Due to the higher Wigner-Eckart factor such interaction is stronger for the 3/2 component and this leads to a stronger downward shift of 4 Σ - 3/2 in the light LiX (X=C, Si, Ge) molecules. One can also note that this effect is very weak, smaller than 1 cm -1 in LiC and LiSi, and only 4 cm -1 in LiGe. In the heavier LiSn and LiPb systems, however, the first-order splitting of the a 2 Π state is so large and this state lies so close to X 4 Σ -that the SO coupling of the lower 2 Π 1/2 component with 4 Σ - 1/2 begins to dominate and that makes 4 Σ - 1/2 the ground state. It is also worthwhile to note that at large internuclear separations the 4 Σ - 1/2 component becomes the lowest state in all LiX systems, since it is the only state which converges to the lowest Li( 2 S 1/2 ) + X( 3 P 0 ) dissociation limit. One can clearly see this for LiGe and LiSn in Figs. 5 and6, respectively.

The computed SO splitting for the a 2 Π state increases in a much more regular fashion due to its primarily first-order nature. It is 48 cm -1 in LiC (Table 2), 117 cm -1 in LiSi, 695 cm -1 in LiGe and 1669 cm -1 in LiSn (Table 3). The results in Table 4 for the latter system show that the corresponding two Ω states are composed predominantly of the a 2 Π state at their approximate equilibrium bond distance of 5.25 a 0 . The SO selection rules also keep the 2 ∆ splitting to relatively small values (only 99 cm -1 for LiSn, for example).

There is a general trend toward lower T e values for each state as the mass of the Group IVA atom increases. The greatest change is found for the a 1,2 2 Π 1/2,3/2 states, for which a decrease in excess of 6000 cm -1 is computed in going from carbon to silicon. Further decrease when Si is replaced by still heavier atoms is much more moderate (Table 3). The same is also true for the other low-lying states. For example, the T e value of the c 2 Σ -state is only 1055 cm -1 lower in LiSn than in LiSi. The changes are even smaller for the corresponding 2 ∆ states, but again, there are no exceptions to the general rule that these excitation energies decrease along the series. Similar remarks hold for the bond distances and vibrational frequencies for this group of systems. There is an increase in the R e value of 0.5 Å for the ground state of LiSi compared to LiC, and nearly the same shift is computed for each of the other low-lying states. The corresponding increment in replacing Si by Ge is much smaller, falling in the 0.03-0.05 Å range, but the changes at the next step are notably larger. For example, the R e value for the ground state of LiSn is 0.212 Å larger than for LiGe and it is 0.228 Å larger in the case of the c 2 Σ -state.

The situation for the vibrational frequencies is similar, with their values always falling along the series. The drop is 238 cm -1 at the first step for the ground state (Tables 23), and then only 44 and 50 cm -1 in going to LiGe and LiSn, respectively. It is obvious from the potential energy curves that the frequency for the a 2 Π state is always smaller than for X 4 Σ -. The corresponding values for the b 2 ∆ components always fall between these two pairs of frequencies, whereas the calculations indicate that the values for the c 2 Σ -state are always the smallest among this group of states for any of the LiX systems treated.

Transition Moments and Radiative Lifetimes

The SO-CI wave functions have been used to compute electronic transition moments among the various pairs of states. The results for selected transitions for LiSi, LiGe and LiSn are shown in Figs. 789. Since the values obtained for LiC are too small, as can also be inferred from the calculated lifetimes (Table 5), the corresponding figures are not presented here. These data are averaged over pairs of vibrational functions to obtain radiative lifetimes for the various upper states as described in detail in our previous work [1]. The computed lifetimes of the v ′ =0 levels for each of the five lowest Ω electronic states of all four LiX systems are given in Tables 5678, respectively. Both partial and total lifetimes are reported. They are obtained in the usual way by summing over the Einstein coefficients for transitions to all lower states and inverting [1]. Only transitions to the two components of X 4 Σ -are considered in obtaining the results shown in the lifetime tables. Results for partial lifetimes are given separately for parallel (∆Ω = 0) and perpendicular (∆Ω = 1) transitions to the X 1 and X 2 states (listed as τ 1(2) in the tables).

All of the above transitions are spin-forbidden. Their probabilities therefore depend strongly on the level of the SO mixing for the various Ω states involved (magnetic dipole and other mechanisms have not been considered but are expected to be of only minor significance). As a result, the lifetimes of the LiC states are quite long and are found to be of the order of a few seconds (Table 5). The corresponding values for the LiSi states are 20-50 times shorter, but still fall in the 0.1-0.4 s range (Table 6). The shortest lifetime among this group of the LiSi low-lying states is computed for c 2 Σ - 1/2 (41 ms). An even larger factor is noted in going to the LiGe system. Its lifetimes are computed (Table 7) to be 40-100 times shorter than those for LiSi. Again the shortest τ tot value is found for the c 2 Σ - 1/2 state, but this value is still only of the order of 1.0 ms and thus would be quite difficult to observe with currently available techniques [1]. The calculations show that the perpendicular c → X 1 transitions are primarily responsible for depopulation of the c state in all LiX molecules. 

The lifetimes of the LiSn states (Table 8) are 5-15 times shorter than those of the corresponding LiGe states. Comparison with the lifetimes computed for PbLi in our earlier work [1] is difficult, because there is so much more SO-mixing in the latter system. For example, the lowest 4 Π state makes the dominant contribution to the third-lowest Ω=1/2 state in PbLi near the ground state equilibrium bond length, whereas in LiSn the corresponding state (c 2 Σ - 1/2 ) has virtually no 4 Π character until well beyond its R e value (see Table 4). The latter has the shortest lifetime among the low-lying LiSn states but it is still relatively long being 0.1 ms. The next smallest value occurs for the b 1 state and is about twice as large as for the c state.

Conclusion

The increasing importance of the SO interaction and other relativistic effects in the series of diatomic molecules including Li and a Group IVA atom has been studied by employing the multireference CI techniques in conjunction with effective core potentials. There is a significant decrease in the T e values of the excited states of LiSi by 4000-6000 cm -1 relative to LiC. An increase in the corresponding equilibrium bond distances of 0.5 Å for both ground and excited states is found, along with a substantial decrease in their vibrational frequencies. The trend towards decreased T e values and weaker bonds continues along the series, but the increments are considerably smaller in going from LiSi to LiGe and LiSn, respectively.

The electronic ground state of all four systems is composed primarily of the X 4 Σ - state and thus has only a small SO splitting due to the second-order character of this effect. The largest value is found for LiSn, for which the computed splitting is 53 cm -1 . The corresponding value for PbLi is much larger (2086.6 cm -1 ) by virtue of the large admixture of 2 Π character near the equilibrium geometry of the heavier molecule. By contrast, the splitting for the a 2 Π state itself is already 48 cm -1 for LiC, in which case the effect is of first order. This value grows steadily through the LiX series, reaching 1669 cm -1 for LiSn. The SO splitting for the b 2 ∆ state is only slightly larger than for X 4 Σ -.

Transition moments and radiative lifetimes have been computed for the low-lying electronic states of all four systems. As expected, the τ values become smaller as the mass of the Group IVA atom increases. The computed values for the lightest system are all greater than 1 s, whereas the shortest lifetime found for LiSn is 0.1 ms (for c 2 Σ - 1/2 ). Thus, there is a decrease of four orders of magnitude in these quantities over the entire series. In each case the c 2 Σ - 1/2 state has the shortest lifetime among the low-lying states. The effect is due primarily to the perpendicular transition to the X 1 state for the three lightest LiX systems, but in LiSn transitions to both X 1 and X 2 states are equally strong.
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 4 Effects of the Spin-Orbit Interaction Diagonalization of the full spin-orbit Hamiltonian in the basis of the Λ-S states has been carried out to obtain potential energy curves for the corresponding Ω states of each of the four LiX molecules. Because of the small SO splittings in the light LiC and LiSi systems, their Ω potential energy curves are nearly indistinguishable from their Λ-S counterparts shown in Figs. 1-2 and therefore are not presented here. The corresponding Ω-state potentials for LiGe and LiSn are shown in Figs. 5 and 6,
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Figure 1 .Figure 2 .Figure 3 .

 123 Figure 1. Computed MRD-CI potential energy curves for the low-lying electronic states of LiC at the Λ -S level of treatment.

Figure 4 .Figure 5 .Figure 6 .Figure 7 .

 4567 Figure 4. Computed MRD-CI potential energy curves for the low-lying electronic states of LiSn at the Λ -S level of treatment.

Figure 8 .Figure 9 .

 89 Figure 8. Computed dipole transition moments [(a) -parallel, (b) -perpendicular] between thea 1,2 2 Π 1/2,3/2 , b 1,2 2 ∆ 3/2,5/2 , c 2 Σ - 1/2 and X 1,2 4 Σ - 3/2,1/2 states of the LiGe molecule as functions of internuclear distance.

Table 1

 1 ground state equilibrium distance R e = 4.53 a 0 . The treatment has been similar for all molecules considered and hence individual tables for the other three systems are not presented. All calculations have been carried out in C 2v symmetry. A total of four roots have been calculated for 4 A 2 (five roots for LiSi), 2 A 1 and 4 B 1,2 symmetries. For the 4 A 1 , 2 A 2 and 2 B 1,2 symmetries the number of roots calculated are two, six and seven (eight in LiSi), respectively. The configuration selection threshold T is 0.02 × 10 -6 E h for LiSn and LiGe, 0.05 × 10 -6 E h for LiSi and twice this value for LiC. The 3d and 4d electrons of Ge and Sn, respectively, have been frozen as an inner core in the CI procedure. Thus, only five valence electrons have been active in all cases. The c 2 i values lie uniformly in the 92-94% range. The leading electronic configurations for each root are also listed in Table1. The multireferenceDavidson correction 

	at the

Table 1 .

 1 Technical details of the MRD-CI calculations of LiGe. a N ref and Nroot refer to the number of reference configurations and calculated roots, respectively. The number of selected SAFs and the Σ c 2 p values over reference configurations are given for R = 4.53 a 0 .
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a SAFTOT designates the total number of generated, SAFSEL the number of selected symmetry-adapted functions (SAFs),

Table 2 .

 2 Spectroscopic constants of LiC (transition energies Te, bond lengths Re and vibrational frequencies ωe) calculated in the present study (Calc.), and in References[21] (ICMRCI) and[22] (MP2). The results reported have been obtained without inclusion of SO coupling.

				Molecular Physics				Page 11 of 27
	State	T e /cm -1 Calc. ICMRCI a	R e / Å Calc. ICMRCI MP2 a	ω e /cm -1 Calc. ICMRCI MP2
	X 1 X 2 a 1 2 Π 1/2 4 Σ -3/2 4 Σ -1/2 a 2 2 Π 3/2 b 1 2 ∆ 5/2 b 2 2 ∆ 3/2 c 2 Σ -1/2 d 2 Σ + 1/2 e 1 2 Π 3/2 e 2 2 Π 1/2	0 0 10735 10783 12392 12409 13663 17347 19812 19826	0 10148 11339 12720 16563 19069	1.879 1.879 2.051 2.057 1.893 1.904 1.944 1.901 1.870 1.869	1.884 2.046 1.918 1.951 1.924 1.905	1.884 2.047 1.771	693 693 522 519 678 672 584 653 707 709	691 523 656 572 643 659	703 847

a URL: http://mc.manuscriptcentral.com/tandf/tmph

Table 3 .

 3 Calculated (this work) spectroscopic properties of LiSi, LiGe and LiSn (transition energies Te, bond lengths Re and vibrational frequencies ωe). The ground state of LiSn is the 4 Σ - 1/2 state. b Boldyrev et al.[22] have calculated the Re and and ωe values for the X 4 Σ -and a 2 Π states of LiSi to be 2.355 Å, 472 cm -1 and 2.545 Å, 464 cm -1 , respectively.

	Page				
	State	T e /cm -1 LiSi LiGe LiSn a	LiSi	R e / Å LiGe LiSn	ω e /cm -1 LiSi LiGe LiSn
	X 1 X 2 a 1 2 Π 1/2 4 Σ -3/2 4 Σ -1/2 a 2 2 Π 3/2 b 1 2 ∆ 3/2 b 2 2 ∆ 5/2 c 2 Σ -1/2	0 0.2 4430 3550 2214 0 53 4 0 4547 4245 3883 8403 8077 7620 8502 8148 7719 9299 8997 8244	2.384 b 2.412 2.617 2.384 2.412 2.624 2.535 b 2.585 2.762 2.534 2.578 2.753 2.401 2.442 2.637 2.401 2.445 2.644 2.484 2.531 2.759	455 b 411 455 411 402 b 364 402 365 429 391 435 390 362 322	367 361 347 343 353 348 279

a
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Table 4 .

 4 Composition of the seven lowest Ω states of LiSn (c 2 , %) at various bond distances R. Entries are only made for contributions with c 2 ≥ 1.0 %.

Table 5 .

 5 Contributions from the higher-lying roots are included. Partial and total radiative lifetimes (in s) for transitions from the v ′ = 0 level of the LiC excited states to the X1 4 Σ - 3/2 (τ1) and X2 4 Σ - 1/2 (τ2) states.

	4.30	96.4	1.8		1.4	
	4.95 a 5.00 5.25 5.70 9.00 4.30 4.95 a 5.00 5.25 5.70 9.00 2 Π 1/2 4.30 X 2 4 Σ -3/2 a 1 4.95 5.00 5.25 a 5.70 9.00 a 2 2 Π 3/2 4.30 4.95 5.00 5.25 a 5.70 9.00 b 1 2 ∆ 3/2 4.30 4.95 5.00 a 5.25 5.70 9.00 b 2 2 ∆ 5/2 4.30 4.95 5.00 a 5.25 5.70 9.00 c 2 Σ -4.30 1/2 4.95 5.00 5.25 a 5.70 9.00	91.5 90.9 86.9 77.5 28.6 97.3 94.8 94.5 93.2 90.9 70.4 2.2 7.1 7.7 11.6 20.8 30.3 1.5 4.4 4.6 6.0 8.4 7.4 18.6 27.5 1.5	6.4 7.0 10.8 20.0 40.0 2.4 b 4.4 4.6 6.0 8.1 19.0 95.4 91.8 91.2 87.6 78.4 45.4 89.2 90.8 90.8 90.0 88.1 3.6 13.8 86.1 9.1 4.5 4.4 3.8 3.4 6.6 b 92.7 6.4 b 93.1 4.8 b 94.2 76.6 b 4.4 99.7 99.3 99.1 98.7 1.6 96.5 1.6 1.6 96.4 14.8 b	7.9 1.0 5.7 24.1 94.0 12.0 92.0 93.2 93.3 93.7 44.9	1.6 1.7 1.7 1.8 2.6 b 1.4 3.7 6.6 5.7 5.1 5.0 4.5 1.0	20.6 10.2 18.2 64.6 51.8 37.8

a An approximate equilibrium distance for this state. b

Table 6 .

 6 Partial and total radiative lifetimes (in s) for transitions from the v ′ = 0 level of the LiSi excited states to the X1 4 Σ - 3/2 (τ1) and X2 4 Σ - 1/2 (τ2) states.

	τ 2

Table 7 .

 7 Partial and total radiative lifetimes (in s) for transitions from the v ′ = 0 level of the LiGe excited states to the X1 4 Σ - 3/2 (τ1) and X2 4 Σ - 1/2 (τ2) states. Numbers in parantheses indicate powers of ten.

	Page 16 of 27					
	State	τ 1	τ ⊥	τ 2 τ	τ	τ tot
	a 1 a 2 b 1 b 2 c 2 Σ -2 Π 1/2 2 Π 3/2 2 ∆ 3/2 2 ∆ 5/2 1/2	2.5 4.1 (-3) 113 (-3) 2.4 (-3) 1.2 (-3)	162 (-3) 132 (-3) 4.5 (-3) -2.8 (-3)	11.4 (-3) ---337 (-3)	10.7 (-3) ---2.8 (-3)	10.7 (-3) 3.9 (-3) 4.3 (-3) 2.4 (-3) 1.1 (-3)

a

Table 8 .

 8 Partial and total radiative lifetimes (in s) for transitions from the v ′ = 0 level of the LiSn excited states to the X1 4 Σ - 1/2 (τ1) and X2 4 Σ - 3/2 (τ2) states.

	State X 2 4 Σ -3/2 a 1 2 Π 1/2 a 2 2 Π 3/2 b 1 2 ∆ 3/2 b 2 2 ∆ 5/2 c 2 Σ -1/2	τ ⊥ 10.6 (+4) a 119 (-3) 242 (-3) 305 (-6) -352 (-6)	τ 1 τ -1.78 (-3) ---34.2 (-3)	τ -1.75 (-3) 242 (-3) 305 (-6) -348 (-6)	τ 2 -319 (-3) 680 (-6) 5.98 (-3) 355 (-6) 240 (-6)	τ tot 10.6 (+4) 1.74 (-3) 678 (-6) 290 (-6) 355 (-6) 142 (-6)

a Numbers in parantheses indicate powers of ten.
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