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PRE-RESONANCE RAMAN SCATTERING BY THE ~TYPE MODE
NEAR THE 4 - T ELECTRONIC TRANSITION*
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The excitation profiles (EP) and dispersion of the depolarization ratios (DD) for the
two first lines of the rtype vibration in preresonance Raman scatiering are analysed. It is
shown that small changes in the quadratic Jahn-Teller coupling within 7% ¢ vibronic states
may change considerably the EP and DD of the first overtone in the near-resonance range.

1. Introduction

It is well known that in the non-degenerate excited electronic states a quadratic vibro-
nic coupling leads to changes in frequency of the active mode. This coupling gives two
important effects in the low-temperature absorption spectrum. Firstly, we get the blue
or red shift for the vibronic progression of the absorption spectrum. The directions of
these shifts depend on the sign of the difference between the vibration frequencies in the
excited and ground electronic states. Secondly, we can observe the broadening of the
absorption spectrum. In the degenerate excited electronic states in which the degenerate
vibrations are Jahn-Teller active, the quadratic coupling can prov1de additional effects
especially in Resonance Raman Scattering (RRS). -

Recently, we analysed the RRS in molecules which possessed the doubly degenerate
state coupled by the e-type mode [1]. Tt was shown that the quadratic coupling causes
activation of new channels in RRS. Consequently, we observe the dispersion of depolariza-
tion ratios for overtones of the e-type vibration. It should be noted, however, that the weak
quadratic coupling only very weakly modifies the absorption spectrum.

An analysis of RRS for molecules with triple degenerate excited states leads to a sim-
ilar conclusion for the DD for overtones of the e-type vibration in the resonance region
of scattering [2]. When the energy of laser light is smaller than the energy of 4 — T elec-

* Financial support from the MR.1-9 project is appreciated.
** Address: Instytut Chemii UJ, Karasia 3, 30-060 Krakéw, Poland:

(463)



464

tronic transition (pre-resonance Raman Scattering, PRRS) the dispersion or depolariza-
tion ratios can exhibit extremes due to the presence of quadratic coupling within the T'x e
vibronic states. In the absence of quadratic coupling, the depolarization ratios are equal
to 3/14 and 9/22 for the first and second overton, respectively. On the other hand, for
triply degenerate modes which are active in the T'x ¢ vibronic states, the DD for overtons
also exists when the quadratic Jahn-Teller coupling vanishes. In the off-resonance region,
however, for the weak and intermediate linear Jahn-Teller coupling, the depolarization
ratios tend asymptotically to 1/4 and 1/2 for first and second overtones. Simultaneously, the
intensities of these lines increase monotonously with the energy of laser light. These con-
clusions do not hold when we take into account a quadratic coupling within the I'x¢
vibronic states.

In this paper, we investigate in detail the EP and DD curves for the fundamental
line and the first overton of the ¢-type vibration in the pre-resonance region. We will show
that the three types of quadratic interactions which are possible in T'x ¢ vibronic states
lead to important changes in the distribution of intensity for the first overtone. As an exam-
ple, for the EP of this line, instead of the monotonous decay of intensity we can obtain
the minimum of intensity in the off-resonance region. In this region the DD curve may
have two extremes with positions that are strongly altered by quadratic interactions.

2. The model

Let us consider the simple molecular model using the following assumptions:

(i) The triply degeneraté singlet excited electronic state that contributes to scattering
is coupled only by onme triply degenerate harmonic oscillation. This oscillation has the
normal co-ordinates, Q,,,, Q,., @,,, which transform as xy, xz, yz, respectively. For simplic-
ity, we assume that the triply degenerate state under consideration is well separated in the
Born-Oppenheimer sense from other electronic states.

(i) The electronic ground state is totally symmetric and is decoupled from other electronic
states. In this case, the vibronic wavefunctions are the simple products of crude adiabatic
electronic function and the vibrational functions. The vibrational functions which are
important in a discussion of the fundamental line and first overton have the form-[2]:

¢1(T2xy) = ¢1005

1
75 (¢200+¢020+¢002)a ¢2(T2xy) = (15011,

¢2(A1) e \/3

1
J6
(iii) Further we assume that the vibronic coupling in the T electronic state is realized by

a linear and quadratic interaction. It is well known that the quadratic interaction for the
#-type vibration in the T electronic state is composed of three types of elements [4]. Each

¢2(Ee) = (¢200+¢020_2¢'002)- 1.n
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of these elements belongs to a different representation of the octahedral or tetrahedral
point groups. These elements are:

By = 0%,+0%,+0%, (1.22)
B = Q2 +05~20%, BY = —/3(0%-02), (1.2b)
BY =0.0,., BY=0,0, BY=0,0., (1.20)

where the superscripts refer to the symmetry of each components. The elements (1.2a),
{1.2b) are connected with the diagonal parts of the matrix of coupling (vide infra) and
this leads to changes of the frequency in the excited electronic state. The element (1.2¢)
mixes the electronic functions with different polarizations.

With these assumptions, the vibronic hamiltonian in the matrix form may be written as:

2

~ o o
H = 1(hg+Ey)+ —=A+|(—=) B 1.3
(ho +E,) NG ( \/w> 1.3

with
e P24Q2 1.4
0 = 2 ( u+Qu)9 ( = )
L= XY, XZ,V%

A == Qxyo.xy+szo.xz+Qyzayzﬂ (1.43.)
B = 2/31,1B5 +1/31(00B” + 6.B,") +1(0,,BY + 6,.BL +0,.B)),  (L4b)

where «, @ are the linear Jahn-Teller parameters and the vibration frequency, respectively,
E, is the vertical electronic excitation energy and #,, ,, , are the quadratic Jahn—Teller
parameters. . The matrix o, for yu = 0, ¢, xy, xz, yz has the following form:

|1, 0, 0 Ji, 0, 0[ , 0, 0
1=10, 1, Op, o,=1/240, 1, Of, o,=./3240, —1, Of,
Io, 0, 1 l_o, 0, —2J 10, 0, 0
0, 1, 0 0, 0, 1 0, 0, 0
6,=41, 0, 0, o,=10, 0, O, o, =10, 0, 1p. (1.5)
0, 0, 0 L, 0, 0 0, 1, 0

As mentioned above, both diagonal terms in Eq. (1.4b) lead to a change in the frequency
of vibration in the excited state. However, the parameters #,, s, modify the excitation
profiles and DD curves for overtones in a different way. In particular, for the first overtone,
the changes 7, 51, alter the distribution of intensity of the channels 4 - 4, A — E. Simi-
larly, the parameter #,, alters the intensity of the channel 4 — T,. The consequences of
these changes in PRRS for the first overtone are discussed in Section 4,
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3. Pre-resonance Raman scattering

We will consider the Stokes Raman scattering when the energy of laser light is smaller
by several vibration quanta than the energy of the 4 — T electronic excitation. If we
additionally assume that only the T electronic state contributes to scattering, we can apply
the time-independent Green’s function of the operator (1.3) to the description of PRRS.
The tensor elements can be expressed as the trace of the products of the Green function
and the matrices (1.5). For the channels: 4, —» 43, 4, — E, A 1 — T,, the tensor elements
have the following form:

5= Z <@()] Tr [16.] 140>,
2c PY
G = 3 z {Pu(Ep)| Tt [04G] Ido(A1))s

=§ Z {Ou(Tax)l Tr [0,,G,] Po(41)), .1y

where <...> denotes the integration over the normal co-ordinates of the vibration, ¢ is
the constant which is proportional to the square of the dipole transition moment and the
index n = 1, 2 refers to the fundamental line and first overtone. As for RRS [2], [3] we.
have also Sy = ¢q; = 0,r; # 0Oand S, # 0, g, # 0, 7, # 0. The Green functions G G.
correspond to the resonance and antiresonance parts of the tensor. Both the functions
satisfy Dyson s equatxon,

( i) = lgi(Q+) G+(Q+)ng(9+) {2220
with . . .
2.(Q,) = (hog+Eo+ Q. —iD) 1, (2.2a)

where Q_; Q. (= Q_—nw) are the energles for the incoming (laser) and outgoing (scattered)
light. T is a positive constant. The matrix, W, is the sum of the two last terms in the hamil-
tonian (1.3). It is easy to see from (2.2), (1.3) and (1.4a)—(1.4b) that G, can be expanded
in the power series into «/,/w. Assuming that the linear Jahn-T eller interaction is weak, i.e.,
oc/\/co is small, the power series can be cut off on the third term. We obtain

Gy = 12:—a/\Jo 3.8 SO MOCTIVES T S (2.3)
The first, second and third terms contribute to the Rayleigh line, fundamental line and
first overtone. This follows from the parity of these terms and the parity of the function
(1 1). Inserting (2.3) into (2.1) and taking into account (1.1) after algebra1c calculations,
we obtain for the fundamental line,

“’jz“’ o ey @4

s+—~
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and for the first overtone

2
2(-“"/“’) Z<g$>2<gs>1<gs>o( o )

s§=+,—

Ll —(a/\/ ) Z {8:02{8:1 <gs>°< T "1>>

] 2
2—(1”“’) 2<gs>2<gs>1<gs>o( ———) @.5)

where (g )k is deﬁned as

(81 = (Wk+Ey+Q, —il)™" (2.6)

In the next step we will use Eqs. (12), (13) from [2].
Assuming that the molecule is randomly oriented, the depolarization ratios and excita-
tion profiles for the fundamental line and first overtone can be calculated from

0, ~ 101S,)* +7Iq,)* -+ 14[r, %,

6lral® + 314,/

- . 2.7
. 10]S,1%+ 74+ 14]r,|? &

The elements (2.4), (2.5) with (2.7) are the starting point for the considerations discussed
in the next section.

4. Results and discussion

Firstly, it should be noted that in our approximation the excitation profile of the
fundamental line does not show any unusual properties. We observe only that the inten-
sity of this line increases directly with the energy of laser light. The depolarization ratio
is equal to 3/4. This is far from the resonance where [E0+s2i| > w. From Egs. (2.4) and
(2.7) we can obtain:

4 2
) (E°+Qz )4 : (3.1)
T E-2Y)

Multiplying Eq. (3.1) by Q%, we obtain the intensity of the fundamental line which is con-
sistent with Albrecht’s theory [6]. For the first overtone, however, the changes introduced
by the quadratic Jahn-Teller interaction are quite remarkable. The representative samples
of calculations for g, and 6, obtained from Eqgs (2.5) and (2.7) are shown in Figs 1 and 2.
We see that for the excitation profile the quadratic interactions can produce the minimum
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Fig. 1. Bxcitation profiles (a) and depolarization ratios (b) for the first overtone. The parameters are:
7, = 0.25, 7y = 025, Eg = 15, I' = 0.2 (in units @); I — 75 = —0.10,2 — 7, = 0.20, 3 — 9, = 0.24,
4 — 1, =0.30
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Fig. 2. Excitation profiles (a) and depolarization ratios (b) for the first overtone. The parameters are:
na = 0.20, 7, = 0.25, Ey = 15, I' = 0.2 (in units @); 1 — n = —0.10, 2 — 7 = 0.20, 3 — 7, = 0.30
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near the resonance. Indeed, neglecting for simplicity the antiresonance terms in Eq. (2.5),
we can find the simple formula for @, which is

0, ~ Z(Q) {40[1 +1,(Q~ )]’ +21[1 +1(Q— )]

+14[1 +7,(Q — w)]* + (402 + 217 + 1492)?} (3.2)
with
Z(Q) = [P+ '[(Q—0)*+ ] ' [(@—20)*+T?*] 7, (3.2a)

where @ = E,—Q_ is the energy of laser light calculated from the “vertical” electronic
calculation. From Eq. (3.2) we see that the minimum is strongly marked when e = 1,
= 11, > 0. In other cases, the excitation profile changes in a different manner. Particularly,
when all parameters of the quadratic coupling are negative the minimum does not lie in
the pre-resonance region. Figs. b, 2b show several dispersion curves which correspond
to the excitation profile in Figs 1a, 2a. Now we see that the quadratic coupling also signif-
icantly changes the dispersion of the depolarization ratio. In particular, we can observe
the minimum and maximum near the resonance. Assuming for simplicity that the anti-
-resonance terms are neglected and additionally putting I" = 0 into Eq. (2.5), the depolari-
zation ratio can be approximated by
2[1+1,(Q-)]*+3[1 +1(@—w)]*

%= Ol @) 2 tn @ 1 en@ o Y

Now, we see clearly that the depolarization ratio has extremes at

ﬁmax = w_"; 1: gmin = w— 3(nt _ﬂa—) +2(’1e__ 11“) =,
30— n M+ 2, — 1)1,

It is easy to see from Eq. (3.4) that small changes in the quadratic Jahn-Teller parameters
can introduce large changes for Q,,, and Q. In consequence this can alter dramatically
the depolarization dispersion. Of course, for 5, = 5, = #,, the dispersion of the depolari-
zation ratio does not appear because the ratios [S,/¢,| and |S,/r,| from Egs (2.5) are con-
stant. In particular, the depolarization ratio, g,, is equal to 1/4 when we only take into
account the linear Jahn-Teller effect. This is also true for the intermediate linear Jahn—
—Teller coupling [2]. Therefore, we conclude that in the range of weak and intermediate
linear coupling, the DD and EP of the first overtone depend mainly on quadratic coupling.
For strong linear coupling our results are not correct because the power series (2.3) is
too short. In this case, the EP and DD curves depend strongly on the linear Jahn-Teller
interaction and a numerical treatment is more appropriate.

Finally, it should be noted that the presence of other vibrations, i.e., totally symmetric
and doubly degenerate ones, only quantitatively perturbes the results reported here. First
of all, the presence of Franck-Condon factors of a-type and e-type modes in Egs. (2.5)
can cause the shifts in the EP and DD curves. Simultaneously, the shapes of the EP and
DD curves are only insignificantly modified. In this context, we believe that our results
can be used to estimate the quadratic Jahn-Teller interactions within triply degenerate
electronic states.

(3.4)
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