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A theory of the resonance Raman scattering (RRS) from a molecular system in which the vibronic levels
of the resonance state are perturbed by both the Herzberg-Teller vibronic and the nonadiabatic coupling is de-
veloped. By using the time-independent Green-function formalism, an expression for the RRS is derived in

the three-electronic-state model.

The RRS cross-sections obtained are classified into four types: the pure RRS

cross-section, independent of the coupling mode: the vibronically induced one, the nonadiabatically induced
one, and the interference term. Assuming that the molecular system consists of a totally symmetric mode char-
acterized by a displaced harmonic oscillator, with a nontotally symmetric mode as the inducing mode, analytical
expressions for the relevant RRS cross-sections of the ng-th order vibrational transition for the totally symmetric
mode are derived. Model calculations of the cross-sections indicate that, for an increasing potential displace-
ment parameter, 4, between the coupled states, the nonadiabatic correction to the higher-order vibrational
transitions, as well as the zero-order vibrational transition, makes a significant contribution.

The mechanisms of the resonance Raman scattering
(RRS) from molecules have been investigated by many
authors.1-12) It is experimentally and theoretically rec-
ognized that the intensity of the RRS is enhanced as
a result of the Herzberg-Teller vibronic coupling in
the resonant state and/or the nonadiabatic coupling
between the resonant and other electronically excited
states.’3—27)  Considering a simple model for the RRS
by using a nontotally symmetric vibrational mode,
Mortensen®) has shown that the excitation energy pro-
file of the RRS derived within the conventional linear
Herzberg-Teller vibronic coupling approximation con-
sists of two identical maxima corresponding to a res-
onance with 0-0 and O0-1 bands, neglecting: the
incident-photon-frequency dependence. Zgierski® has
investigated the effect of nonadiabatic coupling to ex-
plain the asymmetry of the 0-0 and 0-1 bands.
Hassing and Mortensen®) have claimed that the asym-
metry may be explained by taking into account the
interference from a displaced totally symmetric mode
in the RRS of the nontotally symmetric mode. By
using the third-order perturbation theory, Johnson,
Nafie, and Peticolas”? have calculated the excitation
energy profile of the zero-order vibrational transition
for a displaced totally symmetric mode, and have
concluded that the importance of the nonadiabatic
correction is minimal relative to the adiabatic contri-
bution unless the vibronic energy level of the upper
state is within a few vibrational quanta of the resonant
state.

The main purpose of this paper is to develop a
theory of the RRS from a molecular system in which
the vibronic levels of the resonant state are perturbed
by both the Herzberg-Teller vibronic and the non-
adiabatic coupling, and to clarify the role of the cou-
plings on the excitation profiles of the RRS using the
adiabatic basis set. Owur theory is applicable to a
molecular system with any potential energy surface
displacements, and includes the results obtained by
Zgierski¥ and by Johnson et al.”) as special cases.
Their theoretical treatments are restricted to a mo-
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lecular system with small potential energy surface dis-
placements between the resonant and the ground or
upper electronic states. A preliminary study of the
effect of the nonadiabatic coupling on the RRS was
reported in a previous paper.28)

In theory section, on the basis of the time-inde-
pendent Green-function formalism, an expression for
the RRS cross-section in the weak radiation field is
derived using the three-clectronic-state model. The
RRS cross-sections are classified in terms of its mech-
anisms: the pure RRS, which is irrelevant to the
inducing mode; the vibronically induced RRS; the
nonadiabatically induced RRS, and the RRS orig-
inating from their interference, which are further divid-
ed into three groups. The most important terms of
the interference are those between the components
of the RRS within the same resonant state. The
interference term between the vibronically induced and
nonadiabatically induced RRS contributes to the a-
symmetry of the vibrational transitions of the excita-
tion profile. In displaced harmonic oscillator model
section, assuming that the molecular system consists
of a totally symmetric mode characterized by a dis-
placed harmonic oscillator, with a nontotally sym-
metric mode as the inducing mode, analytical ex-
pressions for the relevant RRS cross-sections of the
ne-th order vibrational transition for the totally sym-
metric mode are derived. The RRS cross-section thus
obtained is explicitly expressed as a function of two
displacement parameters between the equilibrium
points in the relevant state. In the final section,
model calculations of the excitation-energy profiles of
the RRS cross-section of the n,-th order vibrational
transitions are performed in order to compare the
effects of the couplings. It is shown that, for increasing
the displacement, 4, between the two coupled states,
the nonadiabatic correction to the higher-order vi-
brational transitions as well as the zero-order vibra-
tional transition makes a significant contribution.

Theory

Time-independent Green-function Formalism of the RRS
Cross-sections in the Three-electronic-state Model. In
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Fig. 1. Displaced harmonic potential model for three
electronic state system. A;(gs) represents the molec-
ular Hamiltonian of a totally symmetric mode g5 in
the ground state, and h,(¢gs) and hy(¢gs) those in the
two electronic states a and b, respectively. 4 and
& represent the dimensionless displacement between
the equilibrium points, and the energy gap between
the bottoms in the ground and relevant excited states,
respectively.

a previous paper,!V) the time-independent Green-func-
tion formalism was applied to the derivation of the
RRS cross-sections in the two-electronic-state model.
In this section, in order to take systematically into
account the effects of the vibronic and nonadiabatic
couplings, we consider a typical model consisting of
three electronic states. The total system of the mo-
lecular states and radiation field is assumed to be
composed of an initial state, |I>=|e; {nfiw}|; two
intermediate states, |A>=|{e,}; {n,fiw,}> and |B>=
[{ep}; {mfiwp}>, and a final state, |[F>=|{g};
{nfiw.}>, where ¢ denotes the lowest state in the
molecular-ground state; {¢,} the manifold in the a-th
electronically excited state, and nfiw, the photon energy.
The energy diagram of the molecular system is shown
in Fig. 1.

The time evolution of the initial state, [I>, is ex-
pressed by:

|W1(t)) = exp [—iB/R]| I) (1)
where the total Hamiltonian, ﬁ, is given by:

H=H,+ V. %))
Here,

Hy= Hy + H° (22)
and

A A

V="V + I7mr’ (2b)

where A° and H? are the molecular Hamiltonian in
the Born-Oppenheimer basis set, and the Hamiltonian
for the free electromagnetic field, respeciively, while

A

A A . .
V,a and V. denote the nuclear kinetic energy, 7Ty,
and the molecule-radiation interaction respectively.
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The transition amplitude, Uy,;, from the initial state,
I, to the final state, F, is expressed in terms of the
transformation of the time-independent Green func-
tion as:

Upi(t) = <F|¥1(2))

1 .
=24 | &P (—iEt/k)GrdE, ©)

where Gy, is the matrix element of the Green-function.
Equations for the relevant matrix elements of the
Green-function in the present model are written as:

Gy1 = %: GzeVpaGar + ? GrerVrsGrr, (4a)
GAI = GXAVAIGII + % GXAVAFGFI + ? GAOAVABGBI: (4b)

Gpr = GisVpiGr + %.‘ G3isVerGr1 + %1 G3VEaGar, (4¢)

and:

Gu = G + ZA: GIiViaGar + %: G1iVisGai, (4d)
where G° represents the zero-order Green-function,!)
the summations in Egs. 4 are carried out over both
the molecular vibronic states and the radiation-field
variables. By substituting Eqgs. 4a and 4d into Egs.
4b and 4c, we obtain:

(E—EL—A4)Ga1 = VarGhr +A§A-AAA'GA’I

+ %: (Vap+ Aa5)Ghr, (5a)
and:
(E—E3—Agg)Gpi = VpiGhi + 3 App'Gyin
B'+#B
+ %: (Vea+Aga)Gax. (5b)

Here, 4,," and 4, represent the diagonal and off-
diagonal self-energy terms respectively.lt)

In order to solve the coupled equations 5a and 5b,
we substitute Gy, neglecting the term involving Gyy
in Eq. 5b, into 5a:

(E—EX—ZAA)GAI = I7AIGI°I +A'§A /]AA'GA’I, (6)

where:

Apar = Appr + %7 (Vap+Asp)(E—Eg — Agg)

X (Vpar+dgpa), (7

and:
Var = Var + %‘_’ (Vap+Aap)(E—E)—Apg)Vg.  (8)

Equation 6 can be solved by using the iterative meth-
od described in Ref. 11. By using the similar pro-
cedure described above, the decoupled equation for
Gy, is obtained.

Substituting the decoupled equations for G,; and
Gy into Eq. 4a, the matrix element of the Green
function Gg; is expressed as:

Gri =3 G Ves(E—E) — Ays) " VaiGY
+ %} GixVrp(E—E3 “zBB)_lﬁBIGXol, 9)

where the effect of the off-diagonal terms involving

4,, and JBBr were neglected. The energy-dependent
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self-energy part is, at the zero-order approximation,
expressed as:

ir
Ays = Aaa(BD) = Dy — —5*, (102)
and, in the first-order approximation, as:
-~ b4 -~ .f
an = Aau(E}) = Dy — —ITA‘, (10b)
where:
~ A —Ez—D 2
D, =D, +3 (Ei—E )| Veal (11)

B (EX—E;—Dg)*+(I'p/2)*’

VraVar exp (—iE1t/E)
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and:

v F BI I/'ABI2
= . 1
Fa=lat 3 BB =Dyt T2y 12
Here, the level shift, D,, and the decay width, I',,
of the A intermediate state are given in Ref. 11. In
a case of weak nonadiabatic coupling, Eq. 10a can

be used.

Neglecting the terms involving 4, in V,; and
A, in 1731 of Eq. 9 because these terms give rise to
the higher-order photon processes, and substituting
Eq. 9 into Eq. 3, the transition amplitude Uy, is ex-
pressed as:

{1 —exp [—i(ES —E})t/h]}

Uri(t) = 2( =
4 E:“‘EA+1PA/2

VaVar exp [—i(E, —il2/2)t/h]

E:—E;

VeaVar exp (—iEgt/k)

(Ex—E%—il"4/2)(Es—E} —il'4/2)
VesVeaVar exp (—iEjt/h)

(Bt _EA+ifA/2)(Eg‘ ""EA+ifA/2)

) + 33 (4-B)

{1 —exp [—i(E3 —E3)¢/h}

r 33 v .
4 B \(E}—E,+il'y/2)(E} —Eg+il'g/2)

E{—E}

VesVBaVa1 €xp [—i(EB“‘ifBlz)t/h]

(Eg—E, —il'3/2+il4/2)(Eg—E} —il'5/2)(Eg —E$ —il'5/2)
VisVsaVar exp [—i(Ex—il /2)t/h]

+ . = = =
(Ea—Ep—il'y/2+4ilp[2)(Ex—EY —il 4 [2)(Ex —Ez —iI"4(2)

VenVeaVai exp (—iEgt/k)

(BY —Epy+il"y|2)(E} —Eg+il's/2)(ES —Eg+il'5/2)

VegVeaVar exp (—iE3¢/k)

(ES —E5+il"4/2)(ES —Ex+il*/2)(ES — Eg +il'5/2)

where E,=E%+D, and E;=E%+D;. When we use
the on-the-energy-shell approximation (E?—E$) and
the limit, ¢—00, it seems that the following terms make
the dominant contribution to the scattering cross-
section:

—E%%/k
Un(t) = | 33 PP B, 5 (o)
? T R-E,+ila2 ®
+ ? §: VepVBaVa1 €xp (—i.E‘,’t/fi)

(B —Ex+il's/2)(BS ~Ep+il'5/2)
1 —exp [—i(E2 —E})t/A]

E1—E: )
By using the dipole and rotating wave approxima-
tions, and after integrating over the radiation-field
variables, the differential cross-section for the Raman
scattering is given by:

do(w;) _ @y(ny+1) bt 3
dQ T 2ip%2e ? 0 doge,

+s S <AzB)] (14)
A B

x |5y LlearlCleald
¢ gt+hw—e.+ilof2
(S 185 21d)<d| T ) ) <eléy- o]
iy (e1+ By —eo+i7e/2) (61 + oy — g +iTo/2)

+ (non-resonant terms)

2(5( al—ef+fiw1—ﬁa)2) )
’i 4
(15)

) + 3 X (42B), (13)
A B

where fiw, and Aw, denote the excitation and emission
energies of the photon respectively, and where the
summations, ¢ and d, are taken over the vibronic
states of two electronic states, « and 4. Compared
with the expression for the differential cross-section
derived in the one-intermediate electronic state,!)) it
should be noted that, in the two-intermediate-state
model, the term originating from the nonadiabatic
interaction appears in Eq. 15.

Mechanisms of the RRS from Randomly Oriented Molecules.
We note that the complex tensor, ¢, for the RRS cross-
section is written as the sum of symmetric and anti-
symmetric tensors, {t} ={S}+{4}, where S;,=1/2(t;,+
ly) and A;p=1/2(t;5—1ty). Here, the suffixes 1 and
2 specify the molecular fixed Cartesian coordinates,
X, v, and z. We assume that the molecules are ran-
domly oriented. If the incident radiation is linearly
polarized, and if the polarization lies on the XY plane,
the RRS cross-section, do(w,)/d?, along the Z axis
is given by:2%

doto) 1 frdoden) , ;doston)
de 15 dge T I

where dog(w,)/d?2 and do,(w,)/d?2 represent the sym-
metric and antisymmetric parts of the cross-section

and are given by:
P f oQdcoga)gf‘
FJo

(16)

doy(w,) — oy (ny+1)
de 2872g92c%
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2( Sl elmliy , f lmlelmliy )
¢\ g+ Fhw,—eo+il'o/2 o &1+ o, —ee+il"o/2
2 ( (S Leald)Cd| Tx|d)<d | i)

’ld) (er+ oy — o +ilo/2) (61 + By —ea +i14/2)
. (F el dXd| T e)el ol ) 2

T (et oy —eo+il7o[2) (614 B, —eq +il"4/2)

% :5( 81—8r+’;i“’1—ﬁa’2 >’

where the 4 and — signs correspond to the symmetric
(I=S) and antisymmetric (I=A) cross-sections respec-
tively. In the above expression, the non-resonant
terms were disregarded.

To classify the RRS into the pure RRS irrelevant
to the couplings, vibronically induced, and nonadi-
abatically induced types, we expand the matrix element
of the transition dipole and the nonadiabatic coupling
matrix element as:

(SFlusla) = el Mea(2)| 209
do (@) @,

(17)

_ had 3 81—6f+,i(01—,i(1)2
dR T 2%, ? _/:) doso, J( k
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+ <th(Mtb(2) Vbn_Vfbea(2))Q| Xa> +"’9
and
o 02

' (18)
<a.|f'N|b>=<Za(¢a— X 2|1
"a

~ -—fia)<xa Va Zb>’ (19)

respectively, where M, (2)=<@;|n,|?,5,.,, and where
Vbu=[w] . Here, @, x, and V denote
a8 9=40

the BO electronic wave function, the nuclear wave
function, and the electrostatic interaction between
electron and nucleus respectively. The above matrix
elements are evaluated at the equilibrium nuclear
configuration (g,) in the ground state. Restricting
ourselves to the first-order variation of the nuclear
coordinate, ¢, and disregarding the vibronic coupling
between the ground (final or initial) and intermediate
states because of |e,(qo) —&y(qo) | <lep(go) —€e(go) |, the
symmetric and antisymmetric cross-section of the
spontaneous RRS can be written as:

2( <xrlec(2) l Xc><Xc,Mcl(l) l XI>
¢ &1+ Fw,—e, +1l"c/2

(el Mee(2) | 2D el VeaMar(1)g| 25>

el Mre(1) | Xe)<Ae| Mor(2)| 21 )

&1+, —eo+il /2
<Xf|Mtd(2) Vacq| Xe){xe| Mar(1) | 21D 1

i

6ed 1+ oy —eo+ilTe/2
(tel Mee(1) | X eD{Xel VeaMai(2)q] X1

&+ hw, —e, +il%y/2

o :
81+h(1)1 —€c+ird/2

i {tel Mea(1) Vaeq| 2ed{xe | Mei(2) | 21D }]

1+ By —eo+ilef2

b (xel Mea(2) | xa)<2al Vacd/0g] xed{xe] Mes(1)] 21D

- 2{
¢ d
(c#d)

(ex-+ By —ee+ile/2) (61 + oy — g +il4/2)

+ Fo el Mea(1) ] 2aD<%Xal Vacd/0g] xep{hel Mer(2)] xs» }
(31+’iw1—se+lre/2)(£i+’iw1—€d+1rd/2)

(elec)

(20)

where S‘_. means the summation over the electronic states, a and b. Here, the first and second terms inde-

pendent of ¢ and 9/dq express the pure RRS; the terms involving ¢ the vibronically induced RRS, and the
terms involving d/dqg, the nonadiabatically induced RRS.

In this paper, since we are interested in the RRS originating from the couplings between a and b electronic
states, we will consider the special case in which the irreducible representations of the point group of the
electronic states, @, and @,, at the equilibrium configuration in the ground state are different from each other:
M, (2)=0 and M,,(1)=0, which also means that M,,(2)=0 and M, (1)=0, while the inducing mode, ¢,
belongs to a nontotally symmetric mode. In this case, the pure RRS terms vanish and Eq. 20 is reduced to:

doy(w,) Wy

_ 0 s el—ef+ﬁw1—fiw2)
dQ T 28n%,%t ? ,/;) dw2w26< J 3

(V%“” e M (2) Voagq| Xa){2a| Mas(1) | 21D

_.(v%m) el Men(2) | 26)<%n | VoagMas(1) | 21D

a o1+ Ry —ey+il5[2 > eyt By —ep +il7/2
(‘”§°) {xel Mea(1) Vang | 26020 | Moi(2) | 21 $("§°) {Xel Miea(1) | Xa)XXa ] VargMoa(2) | 21D
b &1+ Fiw, —ep +il7/2 @ e+ iy — e +il7/2

_(V%m) { Cxel Men(2) | 269 <X | V5a0/0g | Xad Aol Mas(1) | 21D
s (e14Fioy —eq +il74/2) (61 + oy —ep +117/2)

+ <Xt‘|Mfa(l)IXu><xa|Vaba/anXb><XD'Mbi(2)|x1>} 2
(ei+fiw1—sa+ifa/2)(si+ﬁw1—eb+ifb/2)

@1
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Utilizing the Fourier transformations, and carrying
out the summations over the vibronic states in Eq.
21 by using the closure property of the states,V) we
obtain:

doy(w,)  dof*(wr) doT*(w,) de M0 (w,)
ae de de de
do s (g ) dgIvII=n gy )
de de ! (22)

where de{'(w,)/d2 and dof4(w,)/d? represent the
vibronically induced and nonadiabatically induced
RRS cross-sections respectively; doNT(D(,)/d2 and
dof¥T ™8 (,)/d2, the interference term between the
vibronically induced RRS and that between the non-
adiatically induced RRS respectively, and dg¥T(VI-N4).
(w,)/d®, the interference term between the vibronically
induced and the nonadiabatically induced RRS. It
should be noted that the signs specifying the symmetric
and antisymmetric cross-sections are involved in the
interference terms.

The vibronically induced and nonadiabatically in-
duced cross sections are expressed as:

do{'(w;) W,

dQ T 2'p%e2c0h2

dcozco2 f dz [ dr f dt

exp [—1(t T+ 7")w; +itw,]

X {<x1lexp [(iHE —Te/2)7'[Klqn exp i3ty

exp [— (iH2 +o/2)7/B] exp [—iH (t—7+7') /K] | 2.
+ (1l g exp [GHS — Fo/2) /]

exp (iH3t/k) exp [—H? +o/2)t/hln

I Mgb(2) VbaMag(l) l 2

exp[—iH} (t—7+7)/A]| 1D}, (23)
and:
da"l“ w: ) w a)n
( : Qvnaelz af2 Ibe(Z)Vba ag(l)P
ZZ[ dw2w2[ d-:f d$’f d-;/ dé dt
(c#d) -

exp [—i(t—t—&+7"+§")w, +itw,]

X {21l exp [(—iHE —1"o/2)v /K] (3/dgn)!

exp [(iH3 —I4/2)¢’ /] exp (if1%4/h)

exp [—(iH$ +I'a/2)8/13/0gn exp [— (A2 + 'e/2)7/ ]

exp [—ifl} (1= —§+<'+ &)/, (24)
respectively, where n denotes a nontotally symmetric

mode and A 0, the relevant vibronic Hamiltonian,
while the vibronic-level dependence of the decay width,

L is disregarded. Because Eqs. 23 and 24 are ex-
pressed in terms of the vibronic Hamiltonians and
are independent of the summation over the inter-
mediate vibronic levels, these equations are suitable
for the investigation of the coupling effects of the RRS
from a molecular system consisting of any potential
energy surfaces. They can thus be used as a basis
for studying the frequency change3°) and anharmonic
effects of the RRS. The expressions for the inter-

[Vol. 55, No. 1

ference RRS cross-sections are given in Appendix A.

Displaced Harmonic Oscillator
Model

In this section, we are concerned with the deriva-
tion of analytical ‘expressions for the vibronically in-
duced RRS, the nonadiabatically induced RRS, and
their interference RRS in the displaced harmonic os-
cillator model. The molecular Hamiltonians of the
ground and two excited states, a and b consist of a
totally symmetric mode (g,) with a nontotally sym-
metric mode (q,) as the inducing mode. These po-
tential surfaces are assumed to be harmonic and to
be displaced for the totally symmetric mode. The
frequency change in the vibrationsl modes were dis-
regarded. In terms of the Boson annihilation and
creation operators, b and &, which satisfy b, bl}]=l,
these Hamiltonians are expressed as:

HY = hy(gs) + hi(ga), (25a)
ﬁl(?s) = ﬁws : +92) = ﬁws(ztas'*'_;_)’ (25b)
14ql) = h‘w,‘,(a,tlgn+%>, (25¢)
HY = Iy(ge—Aa) + hi(ga) + &2
- Iiws<l§ll35+%> h“" (bt 81)
3 AgA
+ ’i“’;"‘ + ﬁwn(bibn+—;—) + &2, (25d)
and
H} = hy(gs—2b) + fy(ga) + &3, (25¢)

where we have taken into account the potential dis-
placement between the potential energy surfaces of
the two intermediate excited states; 4, and 4, re-
present the dimensionless displacements between the
equilibrium points in the ground and excited states,
a and b respectively, and &% the electronic energy
gap between the bottoms in the ground and excited
states.

Nonadiabatically Induced RRS. The nonadiabat-
ically induced RRS cross-section, do}4(w,)/dQ2, Eq.
24 is written as:

doi*(wy)

de

dw,w,?

= wik(wy) E Zf
Gd)

f“dz'/wds'_/ drf dEfwdt
0 0 0 0 —00

exp [—i(t—t—-$+r'+$’)w1+itw2—

fe ’
ok T+

T(E+$’)+ ';g (@ —7)+ wd (¢ E)]
fn(T ’ e,y 7, 59 t)gs('t ’ E,’ 7, e: t)y (26)
= Gietaifit| Mo () VoMo (1)1

547

where k(w,)

Ful@', &, 7,6, 1) = <o
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exp [ i&(g;)e'] exp [ iilx(gn)t ]
oo e[

0,,>, (272)

exp [ ihy(gs—Ae)7 ]

CXp[_ ijli(qn)(t_ff'i—$+1'+§’)]

and

gs(T/, e’; T, E; t) = <05

&
exp[ iiu(%;Ad)f'] exp [ ilfl(;s)t ]
exp [t 408 ] o [ oo |

ih‘;iq“) (t—r—5+r’+6’)]

exp [ - 05>. 27)

By using the Feynman-disentangle and Boson-operator
techniques, the generating functions for the nontotally
symmetric and totally symmetric modes, f, (7', &, 7, §,t)
and g, (v, &, 7, §, t), can be evaluated as:

Fole, €%, 6,0) = 5 exp [ion(§'—E-+0)], (28)

and:

&, &,1,&,t) = exp [—A:—{exp (iwgz’) —1}

—iwgz) —1} + {exp (iw€") —1}
Jexe tazaze)
+20(t)Ac(€) +exp (iwgt){A%(7") exp (1wsf’) +A¥(")}
{Ae(7) exp (—iweé) +2a($)}], (28)
where
A = e 1 i 29
o(T) = 7—7'{ —exp (—iwst)}. (29)
The -a—q—n=?(13,,—?ﬁ,) relation was used. A deriva-

tion of Eq. 28 is given in detail in Appendix B.
Expanding the last term in Eq. 28, the generating
function for the totally symmetric mode, g, (v, &, T,
§, t), is written as:

8, €,5,6,0) = 5 L {31 exp (i0a8) +HHE))™

4 {exp (iwsr’) —1}

{Ae(z) exp (—i0,) +1a(8))™ exp [

—iwgg)—1}

—iwgT)

FAX(T)AE(E )+ Ae(T)Aa(8) + inswst] . (30)

By substituting Eqs. 28 and 30 into Eq. 26 and by
integrating over ¢, we obtain:
doi*(w,) k(o) 2 E o s [wdw 0,3
de = t ¢ d n,=0 ng! Jo .
(e#d)
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‘ /; “dv _/; " dE{ha(z) exp (—iwel) + Ao(E)}™
exp [iz(wl_fhi +i_21~;_ic_>+

(]
+1$(w1 sﬁ wn+1§;>

+ lc(r)ld(e)] .26((»1 — Wy — Wy —Ng0g) « (31)

T"{exp (—iwsr) —1}

—A;—;{exp (—iwg€)—1}

Integrating over w,, using the binomial and Taylor
expansions, and finally integrating over v and &, we
obtain an analytical expression for the nonadiabat-
ically induced RRS cross-section as:

dai“ n— *sWs i
A7)~ roik(wn) = EPO(—%‘M—)

(c#a’)
‘L_‘, ng X A,
(7 )

a Yot 1 7 A.d44 \™
_;> ,Eo m! ( 2 )

E(0YrE ()

oo

Sig,et

> p”
t=0 wl_8g/’i"(P+r+t)ws+ti/(2ﬁ)

2 Jemg (-

2
2 Sio:d\l - , (32)
4=0 o, —g3 [/ —wy—(I+q+s+u)ws+il"g/2k

where S, ., is the optical Franck-Condon factor be-
tween the lowest level in the ground state and the
t-th vibrational level in the excited state ¢; it is given

A3\ 48
by Sw,ct=(—2—> ea/t!. Eq. 32 is the desired ana-

lytical expression for the RRS cross-section originating
from the nonadiabatic coupling between the two
excited states a and b; it consists of the n-th order
vibrational transition for a totally symmetric mode.
In Ref. 28, the results have been given without a
detailed derivation.

Vibronically Induced RRS. An analytical expres-
sion for the RRS cross-section originating from the
vibronic coupling has been derived in Ref. 26.

Interference Terms. In Theory section, the inter-
ference RRS cross-sections have been classified into
three groups. Because the significant terms are those
between the components of the RRS within the same
resonant state, and because the interference between
the components of the resonant and other excited
states can be safely disregarded, the expressions for
the RRS cross-section due to the interference are
written as:

a): Interference between the components of the vi-

bronically induced RRS:

da}NT(VI)(wl) -
——d—Q—-— = ian(wl)
) — 3
2 2 ((01 ' nsws) (A:/Z)”l
¢ ng=0 ng:

{%,nzﬂ—& j st )(_I)MI
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% % Sio, ex _
E=0k'=0 o), — g8 |B—(j+k)wg—ilo/2F

Sio, o’ ] (33)
wy—et = —(f +K ), +iF /28 )’
and:
b): Interference between the components of the vi-
bronically and the nonadiabatically induced RRS:

do TN (g (w0, — o —ngw,)?
Tl. o annk(wl) 2 ? "'2—0_..—nsl—
(arﬁd)
A ng ng n,
e * Y-y
(1/2) Re{jé:o( >( )
% Sio, ek
50 et hi—( J-l—k)ws——lf'c/ﬂi

AT
S (TR ()

§ Sio, 0t

1=0 oo, — e [B—(p+r+ 1wy +1f6/2h
(e ()

§ Sio,au

8=0 (), —e3 /B —wy —(I+q+s+u)ws+il 4/2k
Sio, ek

-3 Y5
j=0 ( )( )k =00, —8 fl—wn— (j+k)ws —il o/2h

o( 1/ 7 7 )"‘”'

(7 EC Y B ()

Mz

-~
Il

Ma

§ Sio,cu

=0 ¢, — °/fi—wn—-(l+q+s+u)ws+1[’c/2fi

sl

5(, )05 (" )-vr

p=0\p

E: Sio, at } (34)
t=0

=S fB—(p+r+t)ws+il4/2k

Discussion

In Theory Section, using the Born-Oppenheimer
basis set, the RRS cross-section has been formulated.
It is shown that the cross-section can be classified into
four terms. In this paper, one is called pure RRS,
while the others are the vibronically induced and
the nonadiabatically induced RRS, and their inter-
ferences. The pure RRS, independent of the inducing
mode, corresponds to Albrecht’s A term,3V) and the
vibronically induced RRS, to the B term. The RRS
cross-section corresponding to the C term was dis-
regarded because this term makes a negligibly small
contribution to the Raman scattering in the resonance
region.

In Fig. 2, the excitation profiles of the RRS within
the weak coupling limits are analyzed. The spectra
on the low- and high-frequency sides reflect the RRS
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RRS cross section
(Arbitrary units)

19 2 1 23 25
Excitation energy/10% cm—1

Fig. 2. Excitation profiles of the RRS in the case
of 4,=0 and 4,=0. The dotted, broken, and solid
lines represent the excitation profile of the vibron-
ically induced RRS, that of the nonadiabatically
induced RRS, and that of the RRS with both the
vibronic and nonadiabatic couplings including the
interference terms, respectively. The molecular pa-
rameters used are &;=21000 cm~!, £5=23000 cm-1,
0, =800 cmY, and I7,=I,=200 cm-1. The profiles
were plotted neglecting the constants involving the
transition moments.

from the a and b electronic states respectively, and
they have a mirror symmetry with respect to the
plane intersecting the center because the same po-
tential energy surfaces and the same decay widths
in the two excited states are assumed. The molecular
parameters used are ¢2=21000 cm™1, £)=23000 cm™,

©0,=800 cm=, I',=I",=200cm!, and 4,=4,=0.
The dotted, broken, and solid lines represent the ex-
citation profile of the vibronically induced RRS, that
of the nonadiabatically induced RRS, and that of
the RRS with both the vibronic and nonadiabatic
couplings, including the interference terms respec-
tively.

For the vibronically induced RRS, two bands, 0-
0 and O0-1, sometimes called Mortensen’s doublet,
appear on the low- and high-frequency sides of the
excitation profile. It is recognized that the RRS from
the molecular system with small potential displace-
ments is expressed by the succession of absorption
from the ground to the resonance state and emission
from the resonance state to the ground state.l For
the 0-0 and 0-1 bands, the inducing mode operates
in the course of the emission and absorption processes
respectively. It can easily be seen that the intensities
of the two bands are equal, for they have the same
energy-denominator dependence of the polarizability.

As a result of the nonadiabatic coupling between
the resonant and other excited states, two bands, 0-0
and 0-1, appear in the excitation profile as well.
The band intensity of the nonadiabatically induced
RRS is inversely proportional to the square of the
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energy difference between the relevant states; from
Eq. 32, the intensities of the 0-0 and 0-1 bands
in the case of the resonance with the lower excited
state, a denoted by IJ¢® and IJ:®, are given by:

T - -2
I¥A® o l—l—;i(s: —ey —hwn+ifb/2)‘ , (85a)

and:

-2

INA® ¢ ‘%—(e: —ed +fiwn+ifb/2) , (35b)

respectively, from which we obtain the relation:

IN® < IE®. (36)
Similarly, for the case of the resonance with the upper
state b, we obtain:

N L

1M o ‘%(sg—sf—fiwn+i['a/2)l : (372)
Iy .S -2

mwm'_i—(sg —82+ﬁwn+1P,/2)’ : (37b)

and then:
5™ > 13®
As is shown in Fig. 2, the asymmetry of the 0-0
and 0-1 bands originates from the interference be-
tween the vibronically induced RRS and nonadiabat-
ically induced one. The main contribution of the
interference comes from Eq. 34. In the cases of the
small displacement, Eq. 34 can be expressed as:
dagNT(V!—NA)(wl)

~ )3
a0 =~ 2nw,(w; —wy) Eidl

(5#4)
{ @y —83/’7» —®n
[(y— /B2 4 (/2] [y — 8 [Fi— wn)2 + (I /25)?]
_ w,—edfh }
[y — 8 /B)2 + (I7o/2k)21[(0 — €8 /B2 + (Fa/20)7]

(38)

This expression indicates that, for the resonance with
the lower excited state, a, the interference term be-
tween the vibronically induced RRS and the non-
adiabatically induced one decreases the 0-0 band
intensity and increases the 0-1 band intensity. On
the other hand, for the resonance with the higher
excited state, b, this term interferes, constructively
near the 0-0 band and destructively near the O0-1
band. Eq. 33, representing the interference between
the vibronically induced RRS, does not contribute
to the asymmetry of the excitation profile, but makes
an important contribution to the depolarization ratio.2%)

Let us now focus our attention on the effects of
the RRS on the molecular parameters. In the dis-
placed harmonic oscillator model, analytical expres-
sions for the n,th order vibrational transitions of the
RRS cross-sections have been derived; these cross-
sections are expressed in terms of the molecular para-
meters, such as the dimensionless potential displace-
ments, the molecular vibrational frequencies, the decay
widths, and the electronic energy gaps. Using the
analytical expressions, we have performed model cal-
culations of the excitation profiles of the n,-th order
vibrational transitions.
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Fig. 3. The dimensionless displacements 4, and 4,
dependence of the excitation profiles of the ng-th order
vibrational transition. The progressions of the totally
symmetric vibration built upon one quantum of the
coupling mode are monitored. The following pa-
rameters are used: £2=20000 cm—'; &) =24000 cm™;
0p,=600cm1 and ws=1000cm=1; I',=1I",=200cm1;
4,=0.1, and 1.0 in Figs. 3a and 3b, respectively,
and 4,=1.0. The ordinate is shown without k(w,).
The broken line represents the excitation profile
without the nonadiabatic coupling, and the solid line
the whole excitation profile with both the nonad-
iabatic and vibronic couplings including the inter-
ference terms. The band peaks which appear in the
zero order vibrational transition (ng=0) of the excited
state, a in Fig. 3a and those of the excited state, &
in Fig. 3b are indicated by the vibrational quantum
number of the displaced oscillator excited in the
resonant states. The band peaks with the wavy line
above the number represent the one quantum ex-
citation of the inducing mode in addition to the ex-
citation of the displaced oscillator.

—

It should be noted that the expressions derived in
this paper are applicable to the RRS of the molecular
system with any displacement. In Figs. 3, the effects
of the dimensionless displacements, 4, and 4,, are
shown. The excitation profiles of the first order, n,=
1 and the second order, n,=2, vibrational transitions,
in addition to the zero-order transition, are plotted.
The progressions of the totally symmetric vibrational
mode built upon one quantum of the inducing mode
were monitored. The broken line represents the
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Fig. 4. The electronic gap dependence of the excita-
tion profiles of the ng-th order vibrational transition.
The following molecular parameters are used: wj,
=800 cm™! and wg=1200cm™1; 4,=4,=1.0; ef=
26000 cm™, and 22400 cm—! in Figs. 4a and 4b,
respectively. The others are the same as those in
Fig. 3.

excitation profile without the nonadiabatic coupling,
and the solid line, that with both the nonadiabatic
and vibronic couplings. The displacements used are
4,=1.0, and 4,=0.1 and 2.0 in Figs. 3a and 3b
respectively. The other parameters are &2=20000
cm1, £2=24000 cm~!, w,=600 cm™, w,=1000 cm-1,

and I',=I',=200 cm=. In Figs. 3a and 3b, the band
peaks which appear in the zero-order vibrational tran-
sitions of the excited states, a and b, are indicated
by the vibrational quantum number of the respec-
tive displaced oscillator excited in the resonant states.
The band peaks with the wavy line above the number
represent the one-quantum excitation of the inducing
mode in addition to the excitation of the displaced
oscillator. It can be seen that, as the displacements
increase, the first- and second-order vibrational tran-
sitions, as well as the zero-order transition, appear
in the excitation profiles. The nonadiabatic coupling
makes significant contributions not only to the latter
transition, but also to the former transitions.

In Figs. 4, the electronic-energy-gap dependence of
the RRS is shown as a function of the incident photon
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frequency, w;. The progressions for the totally sym-
metric vibration of ©,=1200 cm~!, built upon one
quantum of the inducing mode of ©,=800 cm™1, are
monitored.  In these figures, 4,=4,=1.0 was as-
sumed. The electronic-energy-gaps, &) are taken to
be 26000 cm—! and 22400 cm™! in Figs. 4a, and 4b
respectively. The others are the same as those in
Figs. 3. The Figures 4 indicate that the nonadiabatic
coupling plays an important role, as the two excited
states exist close to each other. The nonadiabatic
coupling effect on the higher-order vibrational tran-
sitions is qualitively similar that on the zero-order
transition.

In the model calculations shown in Figs. 3 and 4,
the effects of the potential displacements and those
of the electronic-energy gap between two excited states
are examined, the other parameters being fixed. In
order to apply the theoretical results developed in
this paper to analyzing the observed excitation pro-
files of the RRS, such molecular parameters as the

decay widths, r . and r »> should be properly chosen.3?)

In summary, in this paper, we have developed a
theory of the RRS from two electronically excited
states coupled by a nontotally symmetric mode. The
vibronic and nonadiabatic coupling effects on the RRS
cross-sections have been examined. The RRS cross-
sections have been classified into four groups according
to the mechanisms: one is the RRS independent of
the inducing mode, while the others are the vibron-
ically induced and the nonadiabatically induced RRS,
and their interference terms. Assuming a model sys-
tem with two vibrational modes, the inducing mode,
and a totally symmetric mode characterized by a
displaced harmonic oscillator, analytical expressions for
the RRS cross-sections have been derived. The ex-
pressions consisting of the n,-th order vibrational tran-
sition of the totally symmetric mode are explicitly
formulated as a function of the two displacement para-
meters between the equilibrium points in the ground
state and in the two excited states, and are applicable
to the system with any potential displacement.
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Appendix A: Expressions for the Inter-
ference RRS Cross-sections

The interference term between the vibronically induced
RRS is given by:

INT(VI) o [-+] ‘00 o
doi™(w,) = k(w,) f dw,w,? f dv f dz f de
dQ 0 0 0 0

exp [—i(t—7+7") oy +itw,]
(= [l a2 (@) gnbr(t)ae(r)gabilt —7 +7) 20

{11l a3 (7)) B1(8)gna () Bt —7+ ') | 21D
+ 23 [F a2 (7)guB () gana() Bt —7+) 10

(csﬁd)
= A1| ¥ (7)) gu ¥ ()2a(T)quBi(t —7+7") | 21D
=1l o2 ()BT () guers(2) u(t —T+7) [ 1D

Effects of Vibronic and Nonadiabatic Couplings on RRS 275
FLl guod (T) B (D)ta(v)guPi(t —+2) [ 201}, (A1)
where
k(w;) = 0] Mgn(2)VoaMag(1) |2/(277%e,2c442),
ae(t) = exp [— (1B —Fo/2)/A],
and
Bu(t) = exp [—iH3t/R].

The interference term between the nonadiabatically in-
duced RRS is given by:

do INT(NA)(wl)

o = Folke) I3

(t#d)

f dw2w2f drf d&’f drf dE[ dt

exp [—i(t—r—E+ 7+ &) w, +itw,]

A1) a¥(7)(0/0gn) ¥ (§7) B () te(7)

(0/0gn)xa(§)By(t —T—E+7 + &) | 21 (A.2)

The interference term between the vibronically induced
and the nonadiabatically induced RRS is given by:

do.lN'l‘(VbNA)(wl)

.Q = a’nk(wl) 2 2
(c:#a')

f dwzwzf d‘t/ drf dEf de
{exp[—i(t—7—§+7")w; +itw,)

[Kx1l ¥ (v')gni(t) xa(£)(10/0gn)axe(7)
But—z—E+7) | 20

FLA1 ] a¥ (7)) gu B (8)oe(7)(10/0gn) 2 (§)Bi(t —7 — € +7')
[ 21> £<X1] gaocé (7)) BE (£)ota(§) (10/0¢n ) e(7)
Bi(t—7—&+7) | 2D — X1l 4us (7') BY(£) 2e(7) (10/0¢n)
xa(§)Bit—r—E+7) [ A1 +

exp[ —i(t —v+7'+ &), +itw] [{x1] «¥(7) (10/04n)t
af(§) Bt () guoe()Bi(t—T+ 7"+ &) | 21D

F L1l ¥ (£)(10/0g0) et (z) B () e () Bi(t — 7 + 7"+ )
[ 21> <21 | 0¥ () (10/0g0) ek (§) B (£) e(7) gn B
(t—v+7" + &) | XD —{x1| «¥(£)(10/0g0)t

«¥ ()BT (E)oe(T) gt —T+7' +E) [ X1} (A.3)

Appendix B: Derivation of Eq. 28

In this appendix, we will present a brief derivation of
Eq. 28 by utilizing the Boson operator algebra. By using
this relation:1»

exp [ in(gs ;Ac)t'_] = exp I: A2
iy’ Nyt *(\f
exp () exp [~ )bl] exp [2(4)6,

where l&r’):%[l —exp(—iwgt’)], Eq. 27 is expressed as:

43
gS(T,’ E,y T, ey t) = exp [ 2

: {exp (iwer”) — l}]

(B.1)

=1}

a3 .
+ 2 {CXP(_lwsT) )_l}

—iwet) —1 }] (0, | expl(iwszh15,)
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exp [—Ao(z')b1] exp [44(r')b,] exp [iwy€b14,] -2 (i) 1+ {exp (0,8) 1}
exp [—2a(€)b11 exp [4%(8)b,] exp [iwgth16,] A

+

- (exp (i)~ 1} + 2R

+4o(2)2a(8) +AE(E")Aa(§) exp (iwgt)
+26(7)A%(€") exp (—iweé +imgt)

exp [Aa(8)b1] exp [—A%(8)b] exp [—iwyghlb,]
exp [e(2)b1] exp [—4%(z)bs] exp [—iwyrhib,]

exp [—iog(t—7—&+7' +§)b15,110). (B.2) FAE(2)Aa(£) exp (i +imgt)
By using the Boson operator algebra,' Eq. (B.2) is expressed
as: +2%(7")Ae(7) exp (iwgé” —iwsE+iwst)] . (B.3)
4

2
&8 n 60 = exp[ 2 {exp (iog) 1} This expression is equivalent to Eq. 28.






