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Abstract 

The dissociation curve for the ground state of TIH was computed 

using a relativistic w-w coupling formalism. The relativistic effects 

represented by the Dirac equation were introduced using effective poten-

tials generated from atomic Dirac-Fock wavefunctions using a generali-

zation of the improved effecti-..e potential formulation of Christiansen, 

Lee and Pitzer. The multi-configuration SCF treatment used is a 

generalization of the two-component molecular spinor formalism of Lee, 

Ermler and Pitzer. Using a five configuration wavefunction we were 

able to obtain approximately 85% of the experimental dissociation 

energy. Our computations indicate that the bond is principally sigma 

in form, despite the large spin-orbit splitting in atomic thallium. 

+ -Furthermore the bond appears to be slightly ionic (Tl H ) with about 

0.3 extra electron charge on the hydrogen. 



Introduction 

In recent years several relativistic effective-potential formalisms 

1-5 have been proposed and employed in electronic structure studies of 

molecules containing heavy elements. In most of these, relativistic 

contributions, except for spin-orbit, are introduced into the molecular 

calculations via the effective potentials, (EP). The spin-orbit effects 

are added later as some sort of perturbation. However, for molecules 

containing some of the sixth row elements such as TI or Pb the spin~ 

orbit contributions may be substantially larger than correlation effects 

and perturbation methods may be inadequate. Thus it seems preferable to 

include the spin-orbit effects in the SCF step of the calculation. This 

is the procedure employed in the two-component molecular spinor formu

lation of Lee, Ermler and Pitzer. l Hafner and Schwarz give an excellent 

description of a similar method.
2 

In these procedures the molecular 

SCF computations are done directly in w-w coupling. Unfortunately, both 

procedures employ EP formalisms of questionable reliability. Furthermore, 

little has been done within the w-w framework to include molecular cor-

relation effects. Therefore, though quite adequate for qualitative 

studies, these methods could be misl~ading if quantitative molecular 

results are desired. 

In the present work we have extended the molecular spinor formalism 

of Lee, ~ al. in two important ways. First, we have generalized the 

previous w-w SCF procedure to include a multiconfiguration SCF treatment 

(MCSCF). This allows us to include the major effects of electron cor-

relation and to obtain proper dissociation in all cases. In addition 

we have replaced the previously used Phillips-Kleinman type EP formalism
6 

with the frozen-core EP method reported recently by Christiansen, Lee, 
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and Pitzer
7 

which was shown to be much more reliable for the calculation 

of potential curves or dissociation energies. In that work we were able 

to show that by retaining in the valence portion of the pseudoorbital, 

the true form of the original atomic. orbital, ab initio effective poten-

tials can be generated which reproduce all-electron results to a high 

degree of accuracy. Calculations using EPs based on Phillips-

Kleinman pseudoorbitals sometimes give results which differ seriously 

. 8-11 
from those of all-electron calculations. Our recent paper identified 

the cause of this unreliability and demonstrated a procedure which 

eliminates the problem. 

Since most of the important mathematical details of our calculations 

have been stated in references 1 and 7, they will not be repeated here. 

For a first test of this procedure we chose the thallium hydride 

. 12 13 molecule, for which good spectroscopic data are avallable.' In our 

molecular calculations we treat explicitly only the outer-most thirteen 

electrons of thallium, (the 5d, 6s electrons and single 6Pl/2 electron). 

The Pl/2-P3/2 spin-orbit splitting is approximately one electron volt. 

Thns TlH should be an excellent test of our relativistic MCSCF formalism. 

Also the relativistic contraction of the 6s atomic spinor causes a sub-

stantial energy gap between the 6s and 6p atomic spinor energies, 

resulting in the so-called inert pair effect for the 6s electrons. Thus, 

in terms of molecular bonding with hydrogen, Tl is somewhat similar to 

the alkali metals wit~ essentially only one valence electron. However, 

in this case the electron is assigned to a p rather than s type spinor. 

It is well established for the ground states of the light alkali metal 

dimers and hydrides14 that one can obtain a good approximation to the 

experimental bond energies by correlating only the two valence electrons 
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using a relatively small MCSCF wavefunction. l"e expect that this may 

also be true for the thallium dimer and hydride. 

The behavior in chemical bonding of P1/2 and P3/2 spinors , with 

a large spin-orbit energy difference, is q matter of great interest. 

A P1/2 orbital is one-third sigma and two-thirds pi in its character, 

and in a diatomic molecule such as T1
2

, the molecular orbitals can be 

either sigma bonding and pi antibonding, or the reverse. For T1H any pi 

bonding or antibonding effects will be very small, but the behavior of 

the p orbital in sigma bonding is still of considerable interest. We 

are currently studying T12 where the pi bonding or antibonding aspects 

will also become important. 

Method and Calculations 

The effective potentials for the present calculations were generated 

as in reference 7, only for T1 it is necessary that we use numerical 

atomic Dirac-Fock spinors
15 

rather than Hartree-Fock spin orbitals to 

form our pseudo-orbitals (in this case pseudospinors). Since the two 

small components of the four component Dirac spinors have essentially 

negligible amplitudes in the valence region, th~y are neglected in the 

pseudospinors. Thus our valence pseudospinors have only two components, 

greatly simplifying our molecular calculations. The 5d3/ 2 , 5d5 / 2 , 

6s1 / 2 , and 6P1/2 pseudospinors were obtained from a ground state atomic 

calculation. The 6P3/2' 5f5 / 2 , 5f 7/ 2 , 5g 7/ 2 , and 5g9/ 2 pseudospinors 

were obtained from atomic calculations where the single 6p electron 

was transferred from the P1/2 spinor into the various excited spinors. 

In all, we used nine atomic pseudospinors and ultimately nine relativis

tic EPs in our molecular calculations. 
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As before (see Equations 1-3, Ref. 1), the complete effective 

potential for thallium has the general form. 

R,-P-1 j 

I I 
j=R,-~ m=-j 

where L = 4 and J = 9/2 and the U R,j are the EPs derived from the 

individual pseudospinors with angular quantum numbers R, and j. The 

projection operator on the right insures that the UR,j operate only on 

spinors of the proper angular symmetry. Previous wotk1 has indicated 

that provided the Land J quantum numbers are not present for the core 

electrons (which precludes any radial "exclusion" effects due to core 

orbitals of the same symmetry), then ULJ is probably a good approxi

mation to the potentials of higher angular symmetry. 

For the determination of the pseudospinors from the spinors, a 

few minor refinements were added to the procedure described in 

reference 7. 
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16 
As suggested by P. J. Hay, in addition to limiting the maximum number 

of inflexions in the radial pseudoorbita1 or pseudospinor to two, we 

also require that there be no more than three inflexions in the first 

derivative. This has only a slight ef~ect on the match point (the 

radial point outside which the spinor and pseudospinor are identical, 

see reference 7), but ultimately results in a smoother potential. Also, 

we found that for some of the more diffuse excited spinors, one could 

substantially reduce the value of the match point by adjusting the lead 

power in the analytical portion of the radial pseudospinor. This adjust-

ment seems to have little effect for the more tightly bound spinors. 

The basis set for T1 was double-zeta in form (2s, 2p, and 2d) made 

up of Slater type functions. The exponents were obtained by optimizing 

the energy of the T1 ground state using the EPs after averaging out the' 

spin-orbit effects. This will, of course, result in somewhat less than 

double-zeta quality for the individual spinors, but it greatly reduces 

the number of molecular integrals which need to be generated (to within 

our program limitations). In these calculations we have assumed that 

the important bonding spinor on T1, the P1/2' will be adequately polarized 

by the excess 6s and Sd functions. Unfortunately, at the time of these 

calculations our molecular integral programs were limited to maximum n 

quantum numbers of 4. Although this is probably adequate for Phi11ips

K1einman
6 

type calculations where the pseudoorbita1s contain substantial 

core character, higher n values might have been more appropriate for 

the present work. The hydrogen basis set was double-zeta plus po1ari-

1 
zation as in Lee et a1. Therefore, we expect that the overall quality 

of our molecular basis set is somewhat less than double-zeta plus 

polarization. 
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Once the exponents have been selected, the Slater type spin orbitals 

are then transformed into two-component atomic spinors to be used as basis 

functions in our molecular calculations. The molecular spinor formalism 

1 employed here is essentially that of Lee ~ al. However, we wish to 

correlate the two bonding electrons. + For the 0 state this requires 

double excitations from the bonding spinor into the correlating spinors. 

It can be easily shown that the coupling between configurations is of the 

+ form, K .. + K .. , where the + refers to integrals resulting from the 
1J 1J 

exchange of electrons with angular momentum of the same sign, and the -

signifies angular momentum of opposite sign. The i and j refer to the 

two spinors by which the configurations differ. + Thus, for the 0 state, 

the correlation coupling is analogous to that of non-relativistic singlet 

sigma states as in the ground state alkali metal hydrides. We modified 

a version of the Bison 
17 

MCSCF code of Das and Wahl to perform the SCF 

calculations. To our knowledge this is the first time a molecular MCSCF 

calculation in w-w coupling using accur~te relativistic EPs has been 

attempted. 

Results and Discussion 

Using the effective potentials and basis sets described above, we 

computed total molecular energies for the ground state of TIH using 

single determinant (essentially closed-shell Dirac-Fock), two determinant 

(to obtain proper dissociation), and five determinant MCSCF wavefunctions 

formed from two-component spinors. Irt the five-determinant calculation, 

various plausible configurations were introduced into exploratory calcu-

lations and the five most important were used in the final calculations. 

In addition to the two configurations required for proper dissociation) 
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it was found that two configurations generated by double excitations to 

w = ~ spinors and one configuration with a double excitation to an w = 3/2 

spinor made substantial contributions. The internuclear separation was 

varied from three to fifteen atomic units (a.u.). The resulting molecular 

dissociation curves are listed in Table I. Spectroscopic constants for 

the single determinant and MCSCF wavefunctions are listed in Table II 

along with single determinant values from previous calculations and the 

experimental values. Plots of our dissociation curves are given in 

Figure 1. 

First, note the large discrepancy between our single determinant 

dissociation energy and the value obtained using EPs generated from 

Phillips-Kleinman type pseudospinors. l Our single determinant calculation 

gives about 47% of the experimental dissociation energy as opposed to 

about 79% for the Phillips-Kleinman type calculation. Non-relativistic, 

all-electron, single-determinant calculations usually give only about 

one half or less of the dissociation energy.14 This discrepancy is very 

similar to that seen in the earlier non-relativistic EP calculations on 

F2 and C12 where Phillips-Kleinman EPs gave substantially larger dis

sociation energies than the corresponding all-electron calculations.
9 

Note also that both our single configuration and MCSCF calculations pre-

diet bond lengths which are slightly too long relative to experiment. 

Though we have no proof, we suspect that this is the result of our slightly 

inadequate basis set. The fact that the MCSCF bond length is slightly 

longer than the single determinant value closely parallels previous non-

1 ... 1 l' 14 re atlvlstlC ca cu atlons. 

With our five determinant MCSCF wavefunction we were able to obtain 

more than 85% of the experimental dissociation energy. Although similar 

calculations14 for the light alkali metal dimers frequently obtain 90% 

or more of the bond energy, we believe that the combination of a somewhat 
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poorer basis set and the smaller energy difference between the Tl 6s and 

6p spinors (compared to that between the alkali metal valence sand p 

electrons) could easily explain the differences. It is the large s-p 

separation which allows us to treat correlation in TlH as though there 

were only two valence electrons. In this respect CS2 would have been an 

easier test if the calculation of correlation energy in heavy-atom mole

cules had been our only objective. However, the CS2 bond involves 

primarily 6s spinors with no spin-orbit effect. Since the inclusion of 

spin-orbit effects was also an important aim, TlH seemed a more appropriate 

example. 
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The general picture of the valence molecular spinors for TlH ob-

tained in this research supercedes that reported earlier from less ac

curate calculations. l There are surprisingly large differences in some 

aspects as well as good agreement in others. ~fuere there are differences, 

the present results yield a much simpler picture. l The present values 

were taken from our five-configuration MCSCF calculations for R = 3.75 

a.u •• The 6s spinor on thallium remains essentially unchanged in the 

molecule, the hydrogen and the thallium 6p participation remaining very 

small. In contrast, this spinor attained a bonding nature with nearly 

30% population on hydrogen in the earlier calculations. l Since in our 

present calculations we found little difference between our single con-

figuration and five configuration spinors, we expect that the above 

differences are primarily the result of the improved EPs used in the 

present work. In the principal bonding spinor (from our five configuration 

calculations) the 6Pl/2 to 6P3/2 population ratio is approximately 0.66 -

N 18 
compared to 0.65 reported by Pyykko and Desclaux from one-center cal-

culations and about 0.5 from the earlier EP results.
l 

However, in our 

present calculations this ratio shows a marked radial dependence relative 

to the Tl origin, varying from about 0.5 at the Tl nucleus to about 3.5 

at infinity. (The ratio for a non-relativistic sigma orbital is 2.0). 

In the region near the H nucleus, the ratio is such that the Tl p contri-

8a 
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from the hydrogen is almost exclusively Is the bond appears to be 

principally sigma in character. Finally, our results indicate some 

ionic character (Tl+R-) with about 0.3 extra electron population on the 

hydrogen, in close agreement with the earlier calculation. 19 
Pyper has 

shown that in TIR there is a bonding interaction between the pi com-

ponent of the 6Pl/2 spinor on Tl and the Is orbital on R analogous to 

that in the 3n state of nonrelativistic third group hydrides, BR, etc. 

Since this 3n state is only weakly bound in GaR and InR, we do not 

believe this is a major factor for TIR. Furthermore Pyper's analysis 

assumes that the bonding spinor is essentially Pl/2 in form whereas our 

calculations indicate that the Pl/2 and P3/2 mixing is substantial, the 

signs being such that the pi component nearly disappears in the bonding 

region. Thus the overwhelming bonding interaction appears to be the 

sigma bonding as in IE BR, etc. 

Conclusion 

We have shown that the combination of our previously developed 

7 effective potential procedure with the molecular spinor formalism of 

Lee et al. l and its subsequent generalization to include the important 

electron correlatl0n effects provides a method which is capable of 

yielding near-quantitative numerical results when used to study bonding 

in molecules containing heavy elements. 
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Table I. Potential Curves for T1H (all values are in a.u. ) 

R Single Conf. a Two Conf. a Five Conf. MCSCFa 

"3.0 -.0275 -.0377 

3.25 -.0273 -.0434 -.0532 

3.5 -.0332 -.0510 -.0600 

3.75 -.0336 -.0532 -.0614 

4.0 -.0303 -.0519 -.0593 

4.5 -.0175 -.0434 -.0493 

5.0 -.0321 -.0366 

6.0 -.0125 -.0138 

8.0 -.0010 -.0010 

10.0 0.0001 0.0001 

aEnergies relative to the value obtained at R = 15.0 
for the two and five configuration wavefunctions. 
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Table II. Spectroscopic Constants for TIH 

Present 
Single Conf. b 'MCSCF Single ConL Single Conf. a 

EXE 
c 

0 

R (A) 1. 96 1. 93 1.84 1.87 1.87 
e 

D (eV) 1.66 0.93 1.55 1.97 
e 

-1 1330 1450 1450 1500 1391 w (em ) 
e 

a13 electron calculations employing Phillips-Kleinman type relativistic 
EPs from Ref. 1. 

bOne-center Dirac-Fock, Ref. 18. 

('Reference 12. 
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Figure Caption 

Figure 1. Dissociation curves for single configuration (SC), double 

configuration (DC), and five configuration (MCSCF) calculations 

for the ground state of TIR. The minimum in the experimental 

curve is also indicated (+). 
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