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An intersection of the two lo%*est doublet potential energy surfaces of LiNaK has been established b; ab-initio CalcuIa- 
tions. 

An interesting controversy in recent years has been 

on whether potential-energy surfaces of poiyatomic 
molecules cross in regions of space where the two 
wavefunctions belong to the same symmetry species 
[t -61. Such crossings are forbidden for diatomic po- 
tential energy curves hut, as was first pointed out by 
Teller [l] , and later ampiified by l-lerzberg and 
Longuet-Eggins [Z] , crossings are allowed in (Ar - 2)- 
dimensional space for a polyatomic with N internal 
coordinates. This conclusion has recently been chal- 
lenged [3,4] but, in turn, the basis for this challenge 
has been refuted [S] . 

The existence of a crossing point can be established 
by the following theorem [2,5,6]. If S is a surface in 
nuclear configuration space bounded by a closed loop 
L and if the electronic wavefunction changes sign 
when transported adiabatically once around L then 
there must be at least one point on S at which the 

wavefunction is a discontinuous function of the inter- 
nal coordinates. Longuet-Higgins [5] showed that for 
the lowest energy doublet state of three “S atoms 
there was such a change in sign provided that a loop 
could be found around which certain bamiltonian ma- 

_ trk elements had an assumed parametric form. It was 
argued that such a loop was qualitatively justified. 
Stone [6] has likewise shown by qualitative argu- 
ments the existence of an intersection for the surface 
of a d1 transition metal with six nonequivalent li- 

* Permanent address: Iaboratorio Quimico, Universidade de 
Coitnbta, Coimbra, Portugal- 

gands. Our objective in this paper is to establish by ab- 
initio calculations the existence of a loop satisfying 
the sign reversal criterion for the system L.iNaK 

The system was examined using a minimal STOSG 
expansion of the molecular orbital with no p orbitals 
in the valence shell_ Although this basis will not, of 
course, give accurate wavefunctions, there bar been no 
suggestion that approximate potential energy surfaces 
should have different characteristics to the true Bom- 
Oppenheimer surface provided that there are no hid- 
den symmetries within the approximation 

Paths in the potential ener,v surface for a triatomic 
molecule are convenientIy expressed in the coordi- 
nates (SI, p, 6) where 
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and 

p = (Sf +sp, tan 0 = SrfS3- 

R, are the three internuclear distances and RF are ref- 
erence bond lengths. ?Ve took these to be all equal to 
the arithmetic mean of the equilibrium bond lengths 
of the three homonuclear diatomic molecules, thus 

Calculations were all made along a path for which S, 
= 0, that is, the perimerer of the triangle is fried and 
equal to the sum of the three homonucie~ diatomic 
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Fi$ l_ Coordiires def%ing the paths alcng \ihich ulcuhtiors 
fLlre been mzde. The circles have radii p = I[2 ,& and 4.8/,/6 
and the intermediate arc 1 radius 3/J6. The origin corresponds 
to an equiktemi trim@e cf perimeter 9.6 A. 

distances_ We are thus seeking a point of discontinuity 
in the wavefunction and not the line of such points 
that can exist in the complete three-dimensiona sur- 
face. 

Wavefunctions were first obtained for the re- 
stricted Hartree-Fock approximation along the circu- 

lar path shown in fig. 1. The wavefirnction is a single 
detetrninant with a set of doubly filled orbitals repre- 
senting inner shells, one doubly occupied valence or- 
bital and one singly occupied orbitaf; there is also one 
virtual valence orbital. The Iatter three are ah of A’ 
symmetry in the C, group. 

It is clear from fig. 2 that the RHF wavefunction 
changes sign on passing once around the loop. This 
wavefunction is not a variational lower bound for the 
Mom-Oppenhe~er hamiltonian within the adopted 
basis set because it does not allow for full correlation 
of the electrons. We can, however, obtain such a bound 
by configuration interaction within the RPlF orbitals 
to give a wavefunction. 

(4) 

where qi are other configurations. As the individual 
RHF orbit& vary smoothly around the loop so must 
the qi. Providing that configuration inferaction is 
small (Xi = 0) it is reasonable to assume that hi is con- 
tinuous and hence, if JrRRF changes sign so must 
~~:ixi\k, and hence 8. 

The variation of wavefunction was next examined 
along the diagonals S, = 0 and S3 = 0 of the circular 
path already described. For the Sr = 0 diagonal the 
wavefunction was continuous and we established that 
the non-analytic point was in the sector - $r < 0 
<$r_ For the Sa = 0 diagonal, however, the RHF pro- 
cedure was difficult to converge for p == 1-O and this 

I?&- 2. Vtiation ti the coeBic5ents of the vdmce basis functions in the sii@y occupied RHF motecuksr orbital rtlong the outer &- 
a&r path shoax~ in fTT 1. The 2ctd points utcuhted kve been shown with the symbols ii(%) = l , Na(3s) = A, K(4s) = m. 
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Fig_ 3. Variation in the coeffkrents of the valence basis functions for the RHF (full line) and SE RIIF (dashed line) singl: occupied 
orbital. The path follolxed is the perimeter of the shaded region shown in fig. 1. Symbols as in fi_r. 2_ 

suggested that the crossing point lies near this line_ A 
wedge-shaped path bounded by the radial paths 0 
=&r and 0 =$n and the circular paths p = 0.5 and p 
= 3-O was then studied and as can be seen from fig_ 3 
the RHF coefficients are smoothly varying but change 
sign on going around this path. 

The RHF hamiltonian allows for Coulomb repul- 
sion and exchange between the electrons and is there- 
fore a function of its eigenvector and the orbital popu- 
lation. For incompletely filled shells the hamiltonian 
does not necessarily have the symmetry of the Bom- 
Oppenheimer hamiltonian. For example.. a standard 
RHF ca!culation on H3 in D;, configurations will not 
give degenerate E’ orbit& because only one of these 
orbitals will be occupied and this does not give an RHF 
hamiltonian with Dsh symmetry. One can correct this 
by a symmetry equivalencing (SE) procedure which ef- 
fectively puts equal fractional populations of electrons 
into symmetry equivalent orbitals [7]. Moreover, if 
this procedure is adopted when there is no symme- 
try requirement (e.g. for H, in C, symmetries) then 
the convergence of open shell calculations is improved’ 
and the eigenfunctions merge smoothly into those ap-& 
propriate to the high symmetry structures. 

SE RXF calculations on LiIWS were made for an 
electron configuration which has equal (notionally 
half-electron) occupation of the two highest molecular 
orbitals. The resulting orbitals are very little different 
from those obtained by the standard RHF procedure 
for the path shown in fig. 2 and this is because the 
path is far away from the surface crossing point. Close 

to the crossing point the orbitak do show significant 
differences as can be seen from fig. 3 which shows 
SE RHF and RHF coefficients for the same path. A 
brief examination of the wavefunctions within this 
bounded area shows that degeneracy of the two equiv- 
alent orbitals occurs approximately at the point p 
= 1_2Oag,O =o”. 

We have finally to show that the coefficients of tlze 
CI expansion are analytic around the closed loop. CI 
calculations, using dil contigurations that can be gener- 
ated from the three valence orbitals, have been carried 
out around the closed loop defined in fig. 3. The varia- 
tion in t!le coeffklent of the SE RHF component is 
sho\\n in fig 4 and, wivithin the interval chosen, ap- 
pears to be continuous. If one coefficient is continu- 
ous then all are. Moreover, we can argue on perturba- 
tion grounds that the inclusion of configurations in 
which the inner shell electrons are promoted would 
not change this conclusion. 

Fig_ 4_ Coefficient of the SE RHF root function in the CI ex- 
pansion for the path referred to in fig_ 3_ The points c&u- 
lated were indicated thus *. 
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It might be argued that no fmite set of computa- 
tions can disprove the existence of additions sign 
changes in the intern& between computed points. We 
can appeal only to the experienced eye, Are the inter- 
vais shown in figs. 2, 3 and 4 sufficiently convincing? 
To us they are and we can only suggest that those who 
doubt fXl in a few more points, 

All calculations reported in this paper were carried 
out on the ATMOLj3 and SPLICE system of programs 
documented by the -4tlas Computing IX-vision, 
Rutherford Laboratoly. 

AMT_C_V_ thanks the British Council for f&an&l 
support during the period in which this work was com- 
pleted. 
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