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On the Selection Rules for the Raman Effect
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The selection rules for the Raman effect of Ting are dis-
proved.

In a recently published paper Tine ! formulated new
selection rules for Raman scattering. Among his re-
sults are the following statements:

1. When the Born-Oppenheimer approximation is
strictly applicable only totally symmetric vibrations
are allowed in Raman spectra (p. 1183).

2. Non-totally symmetric vibrations appear in Raman
spectra only because of vibronic interactions between
the excited states of the molecule due to intramolecular
or, with more importance, intermolecular interactions
(p. 1183).

It seems to us that these conclusions are neither
theoretically nor experimentally justified.

The starting-point of Ting’s theoretical arguments
is the polarizability tensor element (in Tine’s notation,

cf. Praczexk 2, p. 224)
.1 Ojle; Mink)y{nk|e.- M|Oi)
(@g0) = h gl: Vnk—Voj—V

1 (Ojles Mink) (nk|e,” M| Oi)]
Yk —Voi+v

Here o, o represent the Cartesian cordinates z, y, z;
i, j, k are the vibrational quantum numbers of the
initial, final, and intermediate states; O, n are the elec-
tronic quantum numbers of the ground state and an
excited electronic state; %9;, v0j, Vak, ¥ are the ener-
gies, devided by Planck’s constant k, of the states | 0 i),
|0 j), | nk) and of the exciting light.

Now Tine transforms the matrix elements of the
electric dipole moment operator in the above expres-
sion as follows [p. 1180, Eq. (4)]:

(nk|e, M|Oi)y=Muw{nk|O0i)
where

Mug2 ={n|ee- M| 0.

The first of these equations is only correct if Mzo? does
not depend on the nuclear coordinates. But this is not
the case in general because of the following reason:
The transition moment My° implicitly contains the
electronic wave functions which parametrically depend
on the nuclear positions. This dependence is still re-
tained in M2 itself, for the integration leading from
e, Mo Myy° goes only over the electronic position co-

1 C. H. Ting, Spectrochim. Acta 24 A, 1177 [1968].
2 G. Praczek, Handbuch der Radiologie Bd. VI/2, Akad. Ver-
lagsges. Leipzig 1934, pp. 205 —374.

ordinates. In order to show this more clearly let x be
the total internal molecular wave function (after elimi-
nation of the translational motion), ¢ the electronic
wave function and u the wave function of the nuclear
motions (vibrations and rotations). Then, if the Born-
Oppenheimer approximation is applicable, one may
separate in case of a non-degenerate state |nk):

xnk (&, X) = @n(§, X) unk (X). 1)

Here £ represents the totality of all internal electronic
position coordinates and X of all internal nuclear posi-
tion coordinates.

Abbreviating M, =e,+ M we get explicitly

M2 = (n| €, M| 0) = [gn® (&, X) M, 3y (£, X) dE.
@

The dependence of (2) on the nuclear coordinates is
evident. The physical reason for the almost unlimited
applicability of the Born-Oppenheimer approximation
lies in the fact that the electrons, due to their relatively
small mass, almost without inertia follow the nuclear
motions, so that the electronic wave functions — as
formulated in Eq. (1) — may be considered as depend-
ing only parametrically on the nuclear positions and
not on the nuclear velocities. It is however in general
impossible to neglect this dependence on the nuclear
positions.

With Eq. (2) we find explicitly for the transition
moment given above:

(nk|e,- M|0i)= [ ynr* (& X) M, 0i (¢, X) d§ dX
= [J@n® (&, X) unk™ (X) Mo @ (§, X) uoi (X) d§ dX
= [Jun® (X) [@n* (&, X) Mo @y (&, X) dE] uoi(X) dX

= [unk® (X) Mng (X) uoi(X) dX .

Evidently Mp02(X) in general may not be extracted
from the integral over X. Of course Mpo?(X) could be
expanded into a Taylor’s series with respect to X,
which in zeroth approximation would yield a constant
term allowing the application of Ting’s equation (4).
It may be shown however, that light scattering is es-
sentially connected with the higher terms in this ex-
pansion (see. e. g. Praczek 2, p. 268). These, in turn,
again lead to the wellknown old selection rules of the
Raman effect.

For experimental evidence Ting refers to the investi-
gations of StoicHerr?® on Raman scattering of gases.
A careful study of Srtoicuerr’s works however shows
that his results in no way support Ting’s new selection
rule. Ting’s affirmation that the non-totally symmetric
vibrations observed by Stoicheff were “characterized by
the absence of Q-branch in rotational structures” (p.
1183) is simply fictitious. Even in spherical tops like
CH,, CD,, CCly, the totally symmetric bands of which
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consist only of a Q-branch, non-totally symmetric Raman
bands with distinct (-branches were observed (see
SrorcuErr 3, p. 140 f.; Horzer 4, HoLzer and Moskr ®).
However even if the Q-branch in the rotational struc-
ture of non-totally symmetric Raman bands would be
generally missing (which actually is not at all the case)
this hardly could be considered as a logically consistent
argument for the non-totally symmetric vibrations to be
forbidden in the Raman effect. The well-known fact

3 B. P. Storcuerr, Advances in Spectroscopy (Edited by H. W.
Tromeson), Vol. 1, Interscience 1964, pp. 91 —174.

4 W. Hovrzer, Diplomarbeit, Munich 1964.

5 W. Horzer and H. Moser, J. Mol. Spectr. 13, 430 [1964].
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that the totally symmetric lines in the Raman spectrum
usually have the highest relative intensities has to be
explained in another way (see %, p. 108). If non-totally
symmetric vibrations would appear in the Raman spec-
trum only because of intermolecular interactions, the
intensity ratio of non-totally to totally symmetric lines
ought to increase when changing from the gaseous to
the liquid state. However the contrary was observed
(see e. g. Perzr and Moskr 7, Table 1 and 2; Hovzer 8).

¢ J. Benrincer, Theorie der molekularen Lichtstreuung, Sek-
tion Physik d. Universitdt Miinchen, Lehrstuhl Prof. Branp-
MULLER, 1967.

7 F. Perzr and H. Moskg, J. Mol. Spectr. 26, 237 [1968].

8 W. Hovzer, Dissertation (Thesis), Munich 1967.

Range of Validity of Static Potential
Approximation in Low-Energy Electron
Scattering Chedked by Cross Section Measure-
ments of Hg between 25 and 150 eV
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(Z. Naturforsch. 23 a, 2122—2123 [1968] ; received 10 October 1968)

A renewed interest in low-energy electron scattering
has become evident in the past few years. One of the
problems under discussion is: In which energy range
can those theories 173 be regarded reliable which make
the simplifying assumption that scattering takes place
in the static (relativistic Hartree) potential of the atom.

ScuonFELDER 4 had claimed that for mercury this ap-
proximation is no longer valid for energies below 500 eV.
The present authors % 8 showed, however, that this limit
is too high, since between 500 and 100 eV there is very
good agreement between theoretical predictions and ex-
perimental results. The differential cross sections com-
municated in the present paper display the transition
from the energy range where the theories still hold to
the energy range where they break down.

The experimental procedure for obtaining these cross
sections has been described earlier & 7 and can be sum-
marized as follows: An electron beam crosses a mer-
cury atomic beam by which some of the electrons are
scattered. The density of the atomic beam is made low
enough so that single scattering is ensured 7. By rotat-
ing the electron gun, the scattering angle is varied con-
tinuously. The angular resolution for the present meas-
urement is about F2°. The scattered beam first passes
through an energy filter lens which removes inelastical-
ly scattered electrons. Then the beam enters a Faraday

* Present address: Stanford University, Stanford, California.

! G. Horzwarts and H. J. Meister, Nucl. Phys. 59, 56 [1964].
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cup and, after amplification, the intensity I versus
scattering angle O is recorded by an XY-recorder.
From these measurements the relative cross sections
do/dQ were obtained by multiplying the scattered in-
tensity I by sin O, since the effective path length of the
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Fig. 1. Differential cross sections for elastic electron scattering

by mercury between 150 and 25 eV. Solid line, experiment,

dashed line, theory of Coulthard and Walker. At the points

marked by a circle, the ordinate of each experimental curve

has been normalized to the corresponding theoretical one
(ay = Bohr radius in hydrogen).
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