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matrix element for an atomic transition is

Ly || 20 era BT, (7)) (P, Jh) = (275t 1/27)+1)V2C (TdTy'; 000)
X AR H7) || 2 erp [| R(2HL,) Y= (20,4+1/2Jy 1) 2C (doJy'; 000) [ R(2 ") erybR (3, ) riddr,,  (4)
7

where R(2*™U;.), equal to R(nl) /7 in the hydrogenic atom,? is the radial wavefunction of the atom. This reduced
matrix element is related to the lifetime () and Einstein’s coefficient (4) for spontaneous (multipole) emission
of the atomic state as:

7= Ay gy (200 —pole) = dmr (A1) (209) 2418y (Ts—rTy) [y (2 1) [ (2h— 1) 1 e (2T5 4 1)
=[4m (I 1) (2m9) 201274 1) /il (2 1) [ (25— 1) NPeBH (2T, 4 1) ]| €900 || er'Ts || 20,750 2. (5)

The corresponding matrix elements for the diatomic molecule have been given in Paper 1.
For dipole-dipole interaction l,=%=1, the total cross section is

o=3Q2u/m)% 3 XX wQ2L+1)(27A 1) 2N+ 1) S (T ) Sva(Fi—I ) CH(L, 2, L'; 000)

doubling L L/
0 2
X [Suad P [ / Juﬂ/z(k'R)JLﬂ,z(kR)/RZdR] . (6)
0
For the 6 '5,—6 *Py transition of the mercury atom, if we take the lifetime® r=1.08 X 1077 sec, then from Eq. (5):
1/7=Ap.1(2—pole) = (64n%3/3c%h) S (1LS—*P;)
= (64m%3/3c3h) C2(011, 000) (R(3P1) | er | R(1S,) )2
= (64u%3/33h) M2(1So—2P). (N

The transition moment M (1S,—3P;) may be estimated to be 0.694 D. Similarly, the line strength and transition
moment! etc,, for the diatomic molecule can be obtained from experimental lifetime or oscillator strengths.
The writer wishes to thank Dr. Jon T. Hougen of the National Bureau of Standards for hospitality.
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Nonradiative molecular decay in the statistical
limit'—® can be considered as multiphonon process,”
the thermally averaged transition probability (W)
being expressed as a weighted density of states func-

tion* 1
<W/> = E P(‘%) W8i7

where
W= Z | Viioai |2 6(Esi— Eiy)
7

is represented by a Fourier transform of a generating
function which can be recast in terms of Green’s func-
tions for nuclear motion™ while W,; can be expressed
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applying Feynman’s operator techniques®®
W)=t [ 1(1) exp(—iAE/R)d,

where f(t) = Z7! Tr(V GV Ge) . Siebrand argued* that
a specific result of this scheme® ! is just a special limit-
ing case of his formulas.’>® Although Siebrand’s treat-
ment is valid in the weak coupling limit, it should be
noted that the multiphonon formalism®-® is more gen-
eral and can be expressed in a useful form whenever
the nuclear motion in the two electronic states can be
factored into independent vibrational modes, which
are not necessarily harmonic or characterized by the
same frequency. For the simplest model system in-
volving displaced potential surfaces®® (W) is given
by Eq. (IV 6) of Ref. 10. When frequency changes are
included, a more complex result was obtained [Ref. 10,
Eqgs. (IIT4) and (A-1)-(A-6) ]. This general scheme® 10
does not involve any auxiliary assumptions concerning
the grouping of molecular frequencies.* % We would
like to emphasize that the weak coupling limit®*
[Eq. (IV 6), Ref. 107, which can be handled numeri-
cally®® or by the saddle point integration method,® just
provides a special case of the general formalism. (W} is
then dominated by the highest vibrational frequen-
cies,!® however, the contributions of the lower fre-
quencies can be systematically incorporated.’®

The main accomplishments of the general treatment
are:

(a) General formulas for W, and for (W) are pro-
vided,*98 amenable to numerical calculations,”® and
analytic approximations.®-1

(b) The strong coupling limit,*** corresponding to
the Teller model,” reduces at high temperatures to an
activated rate equation.®

(c) The nature of propensity rules and the effective
energy gap in the weak coupling situation were eluci-
dated.?

(d) Low frequency vibrations of an inert medium
do not contribute to (W) in the statistical limit.?

(e) Explicit expressions for (W) and for W,; were
derived only for harmonic potentials for which the
Green’s functions are known.*'® Anharmonicity cor-
rections!® are important from the quantitative point
of view, and a similar controversey prevailed in the
classical theory of unimolecular reactions.22 No one
believes in harmonic molecules in real life, however,
they provide useful models for a wide class of radiation-
less processes.

(f) Nonharmonic modes can be handled by display-
ing the Fourier integral in terms of a convolution, fac-
toring out modes corresponding to strongly anharmonic
vibrations for electronic relaxation,® twisting modes
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for cis—trans isomerization” or repulsive states in the
quantum theory of unimolecular decomposition.”

(g) A general expression for the decay probabil-
ity W, of a single vibronic level can be handled by
Feynman’s operator techniques>® yielding theoretical
results for optical selection studies.’®

(h) A version of this method was utilized for the
study of the coupling between electronic and vibra-
tional relaxation.?

(i) This scheme was applied for unimolecular ther-
mal decomposition reactions.®

These examples serve to demonstrate the wide im-
plications and applications of the multiphonon formal-
ism, for a wide class of radiationless processes, which
we believe to be much more general than the approxi-
mate evaluations of Franck Condon factors*2 for
electronic relaxation.

Finally, consider the validity conditions for the
statistical limit*® discussed by Siebrand.* The re-
quirement of constant e and constant V in the Bixon—
Jortner model® involves a grossly oversimplified model
which, although not encountered in real life, is very
useful for establishing physical criteria for the irrever-
sibility of the nonradiative decay in isolated large
moleculest*® and for distinguishing between the im-
plications of interstate coupling and intramolecular
relaxation.'® A similar pedagogic approach was adopted
in nuclear physics.”® Obviously, the delta functions in
W, are used for bookkeeping purposes,® and the
general expression resulting from the theory of con-
secutive decay*?® is

W= E P (s Wii(Ess),

where

A2
Wa(E)=X Ty | Vi |2/[(E—Eu)2+ (%l']‘) ] .
2 .

T;; is the width of the final zero order state resulting
from externally induced vibrational relaxation,® radi-
ative decay in internal conversion® or infrared emission.'
The statistical ]imit'3#5® is encountered when the line
shape function W,;(E) is a smoothly varying function
of the energy**® in the vicinity of E~~E,;, which implies
that 4% (e}<XT';;+#/tm, where ¢, is the upper time limit
for experiment!'3 and (e¢) the mean level spacing. In
the statistical limit** W,; and (W) are independent of
T.:. In the case (I';;)=0, the Bixon model is regained,
while medium perturbation (contributing to (T';))
will make some excited electronic states, corresponding
to the intermediate case in the isolated molecule*® to
exhibit statistical behavior when the molecule is im-
bedded in an inert medium.*#

These comments were inspired by two recent notes
by Siebrand* and Fischer.®
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Recently, Zamani-Khamiri and Hameka!' (ZKH)
calculated the spin—orbit contribution to the O, zero-
field splitting D=2Au+2\ to be A,=0.156 cm™.
Pritchard, Bender, and Kern? have performed ab
niiio studies on the spin—spin effects. They find that
Ax=0.756 cm™ in the near Hartree-Fock limit and
that configurational mixing decreases Ay in the min-
imal-basis-set approximation.? Inasmuch as the ex-
perimental value of A=MXu+A0=1.98 cm™ given by
Tinkham and Strandberg! is in significant disagreement
with the sum of these respective computed values, we
decided to repeat the ZKH work using the spin—orbit
option of recently developed fine-structure programs.’
We obtain A,=0.628 cm' which is about 4 times
larger than that reported by ZKH.

Detailed examination of the calculation shows that
the main point of departure with ZKH is in the values
of the atomic integrals listed in Tables II-IV of Ref. 1.
The revised values are given in Table I of this Note.
They are accurate to the last figure quoted. The most
important differences involve the one-center, spin-
other-orbit integral ws from Group II, the Coulomb
integrals wy and wy from Group III, and those hy-
brid integrals from Group IV {footnoted “c”. As a
result, the contributions wii~—wrv must be revised
as follows: wr=56.521, win=2.73:, wiy=—2.92¢
all in cm™. The individual exchange integrals (Group
V) were not compared; however, their collective
effect now amounts to only wy=—0.088; cm™. Com-
bination of the one-electron spin—orbit term =

Downloaded 22 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



