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LETTER TO THE EDITOR

On the intensity of electronic and vibrational
resonant Raman scattering

M A Tenan and L C M Miranda
Instituto de Fisica, Universidade Estadual de Campinas, 13100 Campinas SP, Brasil

Received 13 May 1977

Abstract. A discussion of the relative Raman intensities based upon the simple, harmonic
single coordinate model for the scattering centre is presented. It is shown that near resonance
and for a strong electron-phonon coupling the Raman intensity as a function of the vibrational
quantum number v may exhibit a maximum.

The theory of the relative Raman intensities in molecules and defects in solids has been
the subject of several investigations (Savin 1965, 1966, Verlan 1966, Krushinskii and
Shorygin 1961a, 1961b, 1965, Tang and Albrecht 1970, Elliott and Miranda 1975). In
all these works the scattering centre was assumed to be represented by a system of at
least two electronic energy levels, each possessing vibrational structure, and the molecu-
lar wavefunction treated with the Frank—-Condon approximation. Based upon this
simple model of a scattering centre {(molecule) it has been possible to explain some general
features of the energy distribution over the components of the scattered spectrum as
well as a description of the relation between scattered spectra and electronic absorption
spectra. In particular, it might be expected that since the Raman effect uses the electronic
polarisability, the electronic excitations would be stronger than the vibrational ones.
Experimentally, however, while there are few experimental determinations of absolute
Raman intensities (Macfarlane and Ushioda 1970), relative measurements show that
the single phonon lines are usually stronger than the electronic ones. Furthermore,
recent resonant Raman measurements on O3 centres in y-irradiated chlorates and
nitrates (Bates and Pigg 1975, Gualberto et al 1977) show an unusual behaviour of the
relative vibrational line intensities. In such systems the vibrational Raman intensity is
split into two components which are associated with the two non-equivalent positions
that the O3 ions can occupy in the lattice. Secondly, for one of these intensity components,
the plot of the vibrational Raman intensities as a function of the vibrational quantum
number v initially increases, reaches a maximum and then decreases with increasing v
(Bates and Pigg 1975, Gualberto et al 1977, Gualberto 1976). As an example, we have
reproduced in figure 1 the observed resonant Raman intensities versus v for O3 in
y-irradiated Ba(Cl0,),.H,O (Gualberto et al 1977, Gualberto 1976).

The main motivation of the present Letter has been to try to understand the relative
intensity of the various resonant Raman processes depicted in figure ! within the frame-
work of the previous theories {Savin 1965, Verlan 1966, Krushinskii and Shorygin 1965,
Tang and Albrecht 1970, Elliott and Miranda 1975). These theories use the Frank-
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Figure 1. Relative resonant Raman intensities of O3 in Ba(ClO;),:H,0 as a function of
the vibrational quantum number v.

Condon approximation which gives a satisfactory account of optical absorption.
Although the simple, harmonic, single coordinate model used is most appropriate for
simple molecules it is also reasonable for simple impurities in crystals like F-centres
(Kleinman 1964).

The Raman cross section for light scattered from k; to k, can be written as
o = e'o/m*c*w|M|* where

_ w{fle..ple> <ele.pli>  <{fle:.pled <ele,.plid
M—g E,— E;, — hw, + E,— E, — ho, M

Here we assume that the states are separated into an electronic and a vibrational part
(Frank-Condon approximation) and that the matrix elements of p are independent of
the vibrational coordinates. The latter then enter M only as overlap integrals. If the
exciting frequency w,, is near resonance, the first term in (1) is much larger and we can
neglect the second. It is then possible to evaluate the sum over vibrational states in the
general case. With these assumptions, a process creating v vibrational quanta has the
form:

M = {fle,.pled<ele;.pli> S, /hw, (2)

where Awj is the vibrational quantum in the upper electronic state and S, takes the
simple form

_ v SOfn) <nefvy
SELTRAL ®

In arriving at (3) we have written the energy denominator in units of Awj. Here A defines
the photon matching of the resonance, ie., A = (E, — E, — hw,)/hw}. The sum in (3)
is over all states n, of the excited oscillator with w}. The initial and final states are of
the ground state oscillator with frequency w,,. The minimum energy of the upper elec-
tronic state is at a coordinate position displaced by r, say, from the ground state equi-



Letter to the Editor L391

librium position so that the peak absorption takes place with the creation of
x = Mwyr?/2h phonons. This parameter x represents alternatively a measure of the
effective strength of the coupling between the electron and the vibrational mode. The
general case of w, # w, has been considered before (Elliott and Miranda 1975), Here we
shall consider only the case of w, = @, which is more appropriate for the experimental
situation of Bates and Pigg (1975) and Gualberto et al (1976).

Using the properties of harmonic oscillator functions we find (Elliott and Miranda

1975)
xv 1/2 deO
S, = (7‘) dx¥ @
where
So = j deef t~1 = " T(1) %2, —x), (5)
0

y*(4, —x) being the modified incomplete gamma function (Abramowitch and Stegun
1964). Taking the derivatives of (5), S, can be written in a readily calculable form as

x¥ 172 Y
S, = (F) {e-xm) V(s =%) X G (X"

- i(:) :‘: (—1)"_1(2, + m)n_mx—(1+n—m)} (6)
n=1 0

m=

where (a), = a(a + 1)...(a + n — 1) and (a), = 1. The variation of §, with v close to
resonance is shown in figures 2(a)(c). It follows from figures 2(a) and (b} that near
resonance and for x > 4 the v-phonon process may become stronger than the (v — 1)-
phonon process whereas for x and A of the same order of magnitude, S, is always smaller
that S,_ . Furthermore, away from resonance (say A 2 1) S, shows the usual behaviour,
namely, always decreasing with increasing v.

Hence, depending upon the effective electron—phonon coupling (i.e., the value of x)
the resonant vibrational Raman intensity may either present a maximum with respect to
v at v — x (strong coupling, x > A) or exhibit a normal behaviour, namely, always
decreasing (weak coupling, x ~ ). This is apparently the case for O centres in y-
irradiated alkali chlorate and nitrates (Bates and Pigg 1975, Gualberto et al 1976) as
shown in figure 1. The two components of the vibrational Raman intensity are associated
with the two non-equivalent positions that the Q3 ions can occupy in the lattice. In
one case (component b of figure 1) O3 is more strongly coupled to the lattice than in the
other case (component a). Physically this may be attributed (Bates and Pigg 1975) to
the small differences in the static field felt by O3 in the non-equivalent sites occupied by
them.

The fact that S, near resonance may exhibit a maximum can be derived from (6) by
noticing that for x > 4, S, may be approximated in lowest order by x™ ! so that S, then

becomes
(= D¥fv 2
x \x*/
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Figure 2. Variation of the Raman scattering matrix
element |S,| with the vibration number v for
A = (a) 001, (b) 0-1. (c) 1-0.
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Thus for x > 4 one has

N <l>l /2 (7)
X

which means that for v = x, §, may become stronger than S,_,. Of course there are
corrections to (7) which actually prevent S, from growing indefinitely.

Finally, one should also notice that near resonance and for x > A (see figures 2(a)
and (b)) the electronic Raman intensity, which is proportional to S, may be weaker
than the first few vibrational overtone intensities. This could possibly be observed near
resonance in systems such that x is of the order of unity. Of the existing diatomic mole-
cules whose electronic ground state is a doublet, the best candidates are NO, PO and
ZrO (Herzberg 1950). In the case of NO, x is about 2-0 whereas for PO and ZrO x is
about 0-3 and 10, respectively. This therefore means that at resonance the electronic
Raman line of NO should be weaker than the one- and two-phonon lines whereas in the
case of PO and ZrO one should observe the normal behaviour, i.e., the electronic line
stronger than the vibrational overtones.

S,
S\‘-l
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