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Figure 1: Adiabatic energies of the two lowest adiabatic states of the Nal molecule, as a
function of the interatomic distance. The ground state (black line) has a ionic character
at short distances and a covalent character at long distances. The opposite is true for the

first excited adiabatic state (gray line).

The electronic wavefunctions {|11(R)), [1)2(R))} of the two lowest adiabatic states of the

Nal molecule are expressed as linear combinations of diabatic wavefunctions {|¢1), |p2)},

Y1 (ra; R)) = cosy(R)|@1(ra) + siny(R)|pa(ra))
[Ya(ra; R)) = siny(R)[@1(ra)) — siny(R)|pa(ra)) - (1)

The geometry-dependent adiabatic states are defined to be eigenstates of the electronic

Schrédinger equation,

H (ra; B)|¢i(ra; B)) = Vi(R)|s(ra; ) - (2)
The electronic Hamiltonian H (r.; R) operates only on the electronic coordinates (rq) and is
parametrized by the nuclear geometry (R). As a consequence, the adiabatic wavefunctions
are also geometry-dependent.

On the contrary, the diabatic wavefunctions ¢ (re) and ¢so(re) are defined to describe the
same electronic configuration at all geometries, therefore they can be considered independent
on R. In the case of Nal, we can define |p1) as a ‘ionic’ wavefunction, in which the bonding
electronic distributions is polarized in the direction of the I atom, and |ps) as a ‘covalent’

distribution, in which the bonding electrons are equally shared between the two atoms.
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Given the orthonormality relation between the diabatic states, (p;|¢;) = d;j, Equations (1)
give generic linear combinations of diabatic states, which yield orthonormal adiabatic states.
This can be verified explicitly (hereafter, the electronic coordinates 7y are not explicitly

indicated):

(U1 (R)[1(R)) = (cosy(R)(p1| + siny(R){p2]) (cosy(R)|p1) + siny(R)]p2))
= cos”(R) (¢1]¢1) + cosy(R) siny(R) (¢1|ep2)
—— ——

+sin y(R) cos (R) (pa|1) +sin’ v(R) (@] p2)
\“Of_/ Hlf_'/
= cos®y(R) +sin®y(R) = 1 (3)

(V1(R)|¢a2(R)) = (cosy(R) (1| + siny(R)(g2|) (siny(R)|p1) — cosy(R)|p2))

= cosy(R)siny(R) (p1]p1) — cos® y(R) (p1]p2)

+sin® Y(R) (pal1) —siny(R) cos 7(R) (p2]¢2)

= cosy(R)siny(R) —siny(R) cosy(R) =0 (4)

(Va(R)[¢1(R)) = (siny(R)(p1| — cosy(R)(g2|) (cos y(R)|p1) + siny(R)p2))

= siny(R)cosy(R) (p1le1) —sin®v(R) (¢1]p2)
1 0
—cos’ Y(R) (pa]01) — cosy(R) sin (R) {p2l2)

= siny(R)cosy(R) — cosy(R)siny(R) =0 (5)

(ha(R)[2(R)) = (siny(R) (1] — cosy(R)(ea|) (siny(R)|g1) — cos y(R)|p2))
= sin®y(R) (¢1]¢1) —siny(R) cos v(R) (p1le2)
—— ——

— cosY(R) siny(R) {pa]1) +cos® y(R) (pa|p2)
0 1
= cos’y(R) +sin?y(R) = 1. (6)

In the adiabatic representation, the electronic Hamiltonian H, is diagonal,

(wiR) A

Ui(R)) = Vi(R)d, (7)

. n* o2
whereas the nuclear kinetic energy operator Th = M OR2 is non-diagonal (therefore the

total Hamiltonian is non-diagonal),

h2 02 o
%’(R)> = (—m@> 0ij + Aij (8)
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where the non-adiabatic couplings are given as

N h? 0 0 h? 0%
A = . L S J
o) = =7 ()| 52 o = 3 (o |52 0
and describe the non-radiative transitions between adiabatic electronic states.

0v;
OR

of the mixing angle v(R), we evaluate the derivative of the adiabatic wavefunctions,

1. In order to express the so-called derivative couplings, Fj;(R) = <¢i(R) > in terms

given as in Eq. (1),

‘%> = —/(R)siny(R)|p1) + 7' (R) cosv(R)|2)
‘%> = 7' (B) cos7(R)|er) +7'(R) sinv(R)|p2) - (10)

Using the orthonormality condition (y;|¢;) = d;;, we get

Fu(R) = <¢1( ) 88121>

= —'(R)cosy(R)siny(R) ++'(R)siny(R) cosy(R) =0 (11)
Fia(R) = < %>

= (R cos? 4 (R) + (R sin®+(R) = () (12)

Far) = (vali)|52)
= —(R)sin?y(R) - +'(R) cos’ y(R) = —v(R) (13)

Fyn(R) = <@/J2( ) (?22>
= 4'(R)siny(R) cosy(R) — 7' (R) cosy(R) siny(R) =0 (14)

Note the following general property of derivative couplings:

Fij(R) + Fi(R) = 0. (15)



20y .
2. The scalar couplings, G;;(R) = <¢i(R> ‘aa};@

taking the second derivative of the adiabatic wavefunctions. From Eqs. (17) we get

> , can be expressed in terms of (R) by

) = [ AR~y (R s () o)
+ /(R cos1(R) — (R siny(R)] )

gg22> = [y"(R)cosvy(R) —+'(R)*sinvy(R)] |¢1)

+[7"(R)siny(R) +7'(R)* cosy(R)] |p2) -

The overlaps with (i;(R)| give

Gu(r) = (w(®)| 58 ) =~y
Ga(h) = (w(®)|522) =
Ga(h) = (al®)|58) = ()
N e

3. Considering a potential energy diagram as in Fig. 1, in the close proximity of the
avoided crossing, R ~ Ry, the diabatic potentials, i. e. the matrix elements of the

electronic Hamiltonian, can be approximated at the lowest order as

Hu(R) = (1 |Ha(R)| 1) = ca(B— Ro)
Hy(R) = (2 |Ha(R)| ¢2) = 0a(R— Ro) (17)

He
H12(R) = <901 Hel(R) 902> == Hzl(R) .

This is the key difference between adiabatic states: The adiabatic states are the eigen-
states of the electronic Hamiltonian, but the full molecular Hamiltonian has off-diagonal
kinematic couplings [see Egs. (7) and (8)]; in the diabatic representation the kinematic

couplings are negligible, but potential couplings arise.

The mixing angle (R), which defines the transformation between diabatic and adi-
abatic states, depends on the diabatic matrix elements {H;;}. It can be found by
imposing that the electronic Hamiltonian has no off-diagonal term in the adiabatic

basis,

(va(B) | Ha

¢xm>:o. (18)



Replacing Egs. (1) and (17) into Eq. (18),

~

0 = [eosy(R)(p1| + siny(R)(pa|] He [siny(R)|¢1) — cos y(R)|p2)]
= cos(R)siny(R)Hi1(R) — cos® y(R)Hya(R)
V(R)Ha1(R) — siny(R) cos y(R)Ha2(R)
= siny(R) cosy(R) [Hi1(R) — Hxn(R)] — [cos® y(R) — sin’y(R)] Hi2(R)

+ sin?

= %Sin (27(R)) [Hi1(R) — Haa(R)] — cos (2v(R)) Hia(R) - (19)

Dividing both sides by cos (27(R)), we finally obtain

tan (2v(R)) i (Z})I fﬁiz 0 (20)
- 2 1)

(1 —ag)(R— Ro)

Eq. (20) has a general validity for any system of two electronic states and any form of

the diabatic potentials. Eq (21) is specified for the model of Eq. (17).

4. Transitions between electronic states are likely to occur when the non-adiabatic cou-
plings, in particular derivative couplings, are large. The magnitude of Fi5(R) is given
by the derivative of the mixing angle v(R). In order to calculate 7/(R), we differentiate
both sides of Eq. (21),!

2 ! = 20
(1+tan®(2y(R))) 2¢/(R) = — (a1 — aa)(R — Ro)?
(01— cn)’(R — Ro)? 4487, i

(1o (R— Ry P T 7
<a1—a2>< f—_aig) P my = 8. (22)

The final expression for magnitude of the derivative coupling is

|B(an — az))|
(CYl — 012)2(R — R0)2 -+ 452 '

[Fra(R)[ = ['(R)] = (23)

As a function of R, 7/(R) is a Lorentzian with center at R = Ry and full width at
half maximum of [28/(c; — ag)|. The range of Na—1I distances in which the internal
conversion is likely is directly proportional to the diabatic coupling f and inversely

proportional to the difference between the slopes of the diabatic potentials.

'Remember that % tanz = 1 + tan® .



