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The problem of resonance Raman scattering and resonance fluorescence from thermally relaxing systems 1s
studied. A general expression obtained earlier is rewritten explicitly in the dipole approximation. Numerical
computations are performed on simple model systems and reveal the role that thermal relaxation play in the light
scattering process. In particular, the effect of thermal relaxation on interference features, the temperature dependence
of the absorption and the scattering cross-sections (apart from the effect of the inutial level distribution) and the
transition from thermal relaxation behavior to an irreversible damping are studied in detail.

laser light in the vicinity of resonances. Three main subjects have been the focus of recent experimental and
theoretical studies in the foundations of the Raman scattering process. (a) Effects of thermal relaxation processes

. From the operational point of view, the light scattering process may be followed either in the time domain
(time resolved or short time experiments) or in the energy domain (energy resolved long time experiments).
Both classes contain in principle the same amount of information. In the present paper I limit myself to the
ak field energy resolved situation whereupon the idealized experimental configuration involves a low
intensity beam of polarized monochromatic light incident on the system under study. The adsorption and the
Scattering spectra are monitored under high resolution together with the polarization of the scattered light.

‘ formation is usually obtained from the following observables: (a) Absorption lineshapes, (b) scattering
Weshapes, (c) energy resolved quantum yields (ratio between adsorption and scattering intensities) and finally
fnergy resolved depolarization ratios, reversal factors and circularity parameters,

When an incident low intensity light interacts with a system (henceforth referred to as a molecule) which 1n
U interacts with its thermal environment, the scattered light contains in general three different components
fig 1}: (a) coherent Raman components, (b} direct (resonance) fluorescence lines resulting from the excited level

iupported tn part by the Commission for Basic Research of the Israel Academy of Sciences.
Or reviews, see ref. [1]. For a list of recent references see refs. [2-4].
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164 A. Nitzan/Resonance Raman scattering

Fig. 1. A schematic representation of the three components
of scattered light from a thermally relaxing system. The
Raman lines (I} correspond to exact energy conservation
between the molecule and the radiation field. The direct
fluorescence lines (II) result mainly from phase relaxation

“d while transfer lines (III} oniginate from population relaxa-
tion.

approximately in resonance with the incident beam, (c) transfer fluorescence lines — emission from levels which
are populated by the thermal relaxation. Both direct and transfer fluorescence result from the thermal inter-
action between the system and its surroundings and vanish when this interaction disappears, leaving the usual
Raman scattering off an 1solated molecule. In the other extreme case of very fast relaxation within a given
group of excited molecular levels, the emission will be completely relaxed. Analysis of the observables listed
above may yield valuable information on intramolecular and intermolecular relaxation processes.

In the present paper I follow the convention which uses the terms Raman (coherent) scattering and
fluorescence (incoherent scattering) for the response of the molecule to the incident radiation field prior to and
fotlowing thermal relaxation respectively. In a long time experiment these components are distinguishable
only by the corresponding scattered photon energy (fig. 1). In some works (see e.g., ref. [29]) the terms R¥ and !
RRS refer respectively to cases where a single or many intermediate levels contribute to the scattering intensity.'
It seems that the former distinction serves a better purpose as the coherent and the incoherent scattering '
components arc qualitatively different.

Several years ago we had analyzed interference effects in resonance Raman scattering from isolated (low
pressure gas phase) large molecules [16]. It had been concluded that whereas in the isolated resonance case thef
absorption and the scattering cross section are exactly proportional to each other (so that the cnergy resolved }
quantum yield function 1s constant), interference between several resonances, or between a discrete level and a |
continuum lead to a marked deviation from this behavior. This conclusion has since then been reached by |
other workers and was verified experimentally [20-26]. In this connection it is worthwhile to mention that
interference phenomena in RRS may result from two factors: The conventional expression for the total Rdman'
scattering cross section 1s (with antiresonant terms disregarded)

dgalti)ey | (’.'

0y 2|3
Cidomro € —| Y @, 0, ,
OO | 5T E, + Eg — E, + 1y,

where fg) 1s the 1ntial molecular level, [g’) — the final one and where {|a)} arc intermediate levels; u is the
electronic dipole moment operator (u, denotes the v spatial component); E;, = hw, 1s the energy of the incide -
photon and E" = hw’ is the energy of the scattered one; E; (j = g, ¢, a) 1s the energy of the molecular level J.
Finally y; is the half-width of the molecular level j; the damping matrix y is assumed to be diagonal in the set 8
molecutar wavefunctions. Eq. (1) obviously leads to cross-coupling terms between different resonances. It
should be noticed that the corresponding absorption cross section 1§ given by a simple sum of lorentzian

functions

' In refs. [7-10] the term luminescence is used rather than fluorescence.
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with no inherent interference effects. Interference phenomena in RRS are usually analysed using eq. (1.

Another source for interference in RRS is the possible nondiagonality of the damping matrix y. In fact,
whenever resonances are close enough so that they do not contribute separately n eq. (1), this possibility
should be considered. When 7 is non-diagonal eqs. (1) and (2) are no longer valid and interference cffects
appear also in the absorption lineshape function. A proper treatment of interference effects in RRS should
start from a more general expression for the polarizability [16] or provide a justification for utilizing a diagonal
damping matrix. (A diagonal damping matrix results if the interfering states are damped by coupling to
independent damping channels, also when the coupling of these states to the damping channel 15 random as 1s
the case for radiationless electronic transitions in large molecules [29, 30].)

Turning to the problem of resonance light scattering from multilevel, thermally relaxing systems, the
following questions are pertinent.

(1) How do different relaxation processes affect the observables associated with the scattering experiment?

" The relaxation processes involved are (a) intramolecular damping (radiationless electronic transitions) which is

* an important decay route in large molecules; (b) environmentally (e.g. collisions) induces radiationless electronic
transitions; (c) radiative decay; (d) environmentaily induced vibrational and rotational relaxation; and finally
{e) environmentally induced depbasing processes.

(2) How are the coherent (Raman) and the incoherent (fluorescence) part of the scattered light affected by the
different intramolecular and intermolecular (thermal} relaxation processes?

(3) How does the thermal interaction of the system with its surroundings affect the observations of
interference effects of the kind discussed above?

{4) How are the relevant observables affected by the temperature of the surrounding medium?

_ (5) To what extent can quantitative information about the molecule-medium interaction and the melecular
- relaxation rates be extracted from the resonance light scattering experiment?

Turning to a closer examination of the relaxation processes listed above, we notice that these can be
separated into two classes — reversible and irreversible. The spontaneous radiative decay of molecular levels 1s,

. in most relevant cases, irreversible’. So is the intramolecular radiationless electronic transitions in large
molecules belonging to the so called statistical limit. Vibrational and rotational relaxation are reversible
~ Processes at room temperature. Collision induced ¢lectronic transitions may be reversible or irreversible
depending on the electronic énergy gap associated with the transition. Both reversible and irreversibic
relaxation processes may be treated in a unified way as thermal relaxation processes: Each process is
associated with an interaction of the molecule with a certain thermal bath which for irreversible processes 1y
- taken as a zero temperature bath. Thus, apart from the incident mode, the radiation field is assumed to be 1n its
Yacuum (zero temperature) state which leads to irreversible radiative decay. Vibrational and rotational
felaxation are governed by the temperature of the translational bath. Intramolecular and usually also collision
Induced radiationless electronic relaxation processes ase associated with large energy gaps and effectively zero
temperature baths'’.

_ As we shall see, the coupling of intermediate levels to zero temperature or to finite temperature baths affect
: light scattering processes in qualitatively different ways. In particular a zero temperature bath cannot induce

} “
By relevant” I mean cases where the spontaneous radiative decay occurs on an experimentally relevant time scale. By
1T1'C.\'ersible" 1 mean unidirectional damping as opposed to thermal relaxation at finite temperature.
For intramolecular relaxation the molecular vibrational levels of a lower electronic manifold constitute this bath. It should
noticed that in most cases the bath is the thermal environment of the system. If however relaxation processes between
evels with large energy separations (AE » kz 1) do not corretate with those between morc closely seated levels, we can
regard the former as induced by an independent zero temperature bath.
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proper dephasing (7, type) processes but only population changes (T} type relaxation) while a finite temperature
bath can induce both.

Mukamel and Nitzan [4] have considered the general problem of RRS and RS from multilevel systems
which interact thermally with 1ts surroundings. Their approach and main results are summarized and extended
in section 2. Section 3 presents the results of a numerical study on model systems which provide simple
examples for the interplay between interference effects and thermal effects in resonance light scattering
processes. The theoretical results and the numerical study lead to the following conclusions:

(1} Interference effects are manifested most strongly in the incident energy dependence of the quantum yield
Y and of the ratio R between the integrated RRS and fluorescence (F) cross sections.

(2) Thermal relaxation smears out interference features. The effect is more pronounced in the quantum yield
and in the RRS F ratio spectra.

(3) The effect of the two thermal processes: Level dephasing and population cross-relaxation, on features
observed as functions of incident energy are very similar in the high temperature limit. The effects on features
observed as functions of scattered energy are quite different. In particular, the first enhances direct fluorescence
lines while the second enhances transfer lines.

(4) The fluorescence cross section, displayed etther as a function of incident or as a function of scattered
energy, shows no interference character even when the absorption lineshape and the RRS component show a
marked interference behavior.

(5) Broadening due to irreversible damping is qualitatively different from thermal broadening: Increasing
the damping relative to energy spacing in the intermediate manifold leads to interference behavior while
increasing the thermal broadening does not.

(6) As irreversible damping processes become more efficient, the ratio R between the integrated RRS and F
Cross sections increases.

(7) As the temperature becomes comparable to or lower than the energy spacing in the intermediate
manifold the absorption and excitation spectra may become asymmetric. The ratio R increases and becomes
relatively larger on the low energy side of the spectrum. |

By fitting experimental results to the theoretical expressions for the absorption and scattering cross sections, ;
for their ratios and for relative intensity of direct and transfer lines, quantitative information may be obtdmed '
for the molecular relaxation rates.

2. The thermally averaged observables of the scattering process

In this section I summanze and extend the main results obtained by Mukamel and Nitzan [4] on RRS from
thermally relaxing systems. The model employed is characterized by the following features: 7
(a} The molecular system 1s represented by a set of relevant energy levels (fig. 2). This set may be divided

Fig. 2. Energy level model for light scattering off a
thermally relaxing system. The continuum T denotes a
thermal bath of temperature 7. The continuum seated 08§
the level j is one of several zero temperature baths which:}
represents channels for irreversible damping {a} is the j
manifold of optically active levels interacting with the
baths. g and ¢’ are the initial and final states of the
scattering process.

b
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into three groups. First, the initial |g> and the final |¢") levels belonging to the ground electronic manifold.

" Secondly a manifold 4 which contains those levels {|a)} which are in resonance with the incident light together
" with levels which may be populated and fluoresce in the course of the thermal relaxation process. In common
. gituations the manifold A contains the optically active levels of an intermediate electronic state which 1s in

resonance with the incident light. Finally these levels may interact with a manifold J of levels helonging to

* Jower electronic states. In the statistical limit this leads to an irreversible decay of the |a) levels.

i
E
g
E

TR ST N T e T e

(b) The levels |a) are coupled to each other by the interaction between the molecule and a thermal bath of
temperature T. Obviously, all levels which are efficiently coupled by this interaction and whose energy
separation from the resonance region does not greatly exceed kyT should be included in manifold A. However,
levels which loose their population very rapidly due to further relaxation processes should be taken as part of
the manifold J. Such is the case when collisions induce irreversible transitions between electronic manifolds in
small and intermediate size molecules.

It should be noticed that the manifold J may be regarded as a special case of a thermal bath of zero
temperature seated on some optically inactive molecular level which lies far below the resonance region. With
this viewpoint, thermal interaction and irreversible damping may be treated on the same footing.

(c) The separation approximation [11] is adopted in the calculation of the thermally averaged scattering
process. In most model calculations presented in the present article I invoke also the impact approximation
[12] for the system-thermal bath interaction.

(d) The thermal interaction may cause both population changes (T, processes) and levei dephasing (proper
T, processes). It is assumed that these different processes are uncorrelated.

{e) The scattering process is described in terms of the levels \g) and |g") of the ground electronic manifold.
The actual observed spectrum is of course a superposition of spectra which belong to different final |¢> levels,
each averaged over a thermal distribution of initial levels |g>. In many cases it is indeed possible to separate
contributions belonging to different given |g> — |¢"> pairs.

() The incident intensity is assumed to be low cnough, so that the lowest order perturbation term (in the
molecule interaction with the incident mode) necessary for the calculation of any observable, is sufficient.
Radiative decay of the molecular |a) levels may be taken into account - the radiation field (apart from the
incident mode) provides a zero temperature bath for this process.

The model described above leads to the following results [4]:

(a) The absorption cross section for a lincarly polarized incident monochromatic light in vacuum is given by

6, = (1Q/ch)a " Ma, (3)
where ¢ is a 2n dimensional vector (n being the number of levels in the manifold A) whose clements are

@ = (Vs Vi =V =), )
where in the dipole approximation’

Vi = —iw (4nh/Quwe)' " py;-e = VI, (4a)

w; = h~YE; — E)); | j-molecular levels. (4b)

By 1s the matrix element of the molecular dipole moment operator and e 1s the polarization vector (unit vector
In the direction of the electric field) of the incident radiation. e, is the frequency of the incident light, €2 1s the
flormalization volume for the radiation and c is the speed of light in vacuum. The matrix M is piven by

1
The constants appearing in eq. {da) correspond to the CGS system of units. Note that in the equations of section 4 of
ref. [4] the complex conjugate notation is erroneously missing in some equations.
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Eﬂlg B EO + Ralg.alﬂ Rﬂiﬂ,ﬂlg T Rﬂlg.ﬂng Rﬂl!?rgﬂl e Rﬂlﬂ.?“n \
ang.alg Eazg — E, + Rﬂze,azg_
M = R“ngnalg
R§ﬂ1.019
gan. a9 Ega... + EO + Rga,,..ga,./

The numbers R are defined in terms of the operators {
Us =2 U [D<I]. (6)]

Up is the interaction between the molecule characterized by levels {|/>} and the thermal bath B.
U = <l Uy |l ineq. (7) are operators in the bath coordinates. The numbers R are given in the Born
approximation in terms of equilibrium correlation functions of these operators

Rab,cd = -1 J di z {5!:-41 Z exp(—1E,t) < U‘f;(t) U;;(O)) + Ope Z exp (—1E,t) CUR) US ()
B ! I

~ exp (—iEqt) CU(0) UE(D)) — exp(—iE.) CUB() U;‘(0)>} ‘ )

The different terms contributing to R constitute the set of thermal rates which govern the thermal relaxation  §
process (population relaxation and dephasing) undergone by the molecule. Explicit expressions for these rates
for a two intermediate levels system are summarized below. 3

Eq. (3) should be averaged over all molecular orientations with the directional information implied by
eq. (4a). Obviously, if the transition dipoles g,, and sy, are perpendicular to cach other, the absorption cross
section cannot contain interference contributions from these two levels. Here, I am interested in discussing
thermal relaxation effects on interference phenomena and I therefore consider the extreme case in which the
transition dipoles u,, for all a are parallel to each other. Also, as wq = wy, > w,,-forall g, @', a”, I can replace]
®,, by @, in eq. (4a). [ consider a non-polarized incident beam and average o, over all incident polarizations. §
This leads to

: “1=+pf=
0, = —2mwyc” @ Mag,

with

}

E = (.ugal A ugan’ -llalg e .u'n,‘g)'

{b) The scattering cross section under the same condition w,, @' » @,,- described above, where the incidc'
field is linearly polarized in the  direction and the scattered field is observed with A polarization is given by f

_16n%h _ — __ —
(O1)yog = —1 o wow’ x b N[{A),K,(B,), + (A3).K,y(B;); ]Ma,,

where M is given by eq. (5), N is identical to it only that g’ replaces g and E’ replaces £, everywhere. The
matrix K, is an n? x n® square matrix given by

K[“} o K(ln)
K1 = - 3
wlnl)  gelmn)
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- where k7 is an n x n square matrix of the form
KJ(:;{]: (Ea,- - EaJ)éijalm + Rala;,ajam‘ (12)

" The matrix K, is the 2 x 2 diagonal matrix

D -1
K, = ((E” ~Ryod " 0 _ _1). (13)
0 (E‘yg' o Rg'g.g’g)
k. The other vectors and matrices appearing in eq. (10) are
Hayg
ua"g
a, = {2n column vector), (14)
'ugﬁl
:u'ga,, v
Y= (Hga, o Hga, Mayg o Hanght (2n row vector), (15)
— o ...0 o o oo Ha g .
(B,), = ( 19 "9) (2 x 2n matrix), (16)
7 Ju'g'a; #gian 0 0 A
oy
. : Ang 0 .
A,), = (2n x 2 matrix), (17)
0 ILILEMH
0 Mg/
pav g
By, =1 : (n? x 2n matrix), (18)
ﬂ(nl] ﬁ(nZ] .
B'™ are n x n square matrices given by BV = 6,ug,, B2 = 64ty (19)
a(ll\ d“")
(‘_\1)1 =1 (2n x n? matrix). (20)
1(21) ) m(lrl)
© @' are n x n square matrices with elements
oy = Omhha g5 o P = Bty (21)

3 The subscripts A and v appearing in egs, {14)+20) denote that it is the corresponding A (or v) component of u
k" Which is to be taken in all terms of the vector or matrix. Multiplying eq. (10) by the number of modes available
to the scattered beam in the range dew’ of the final frequencies and in a solid angle dt

N(w) = ple) dow’ dt = Qo'*(2nc) ° dw’ dt 22)
leads to the final general result for the differential scattering cross section

Tlowang 3 20 ) @) x B N[B)K,(B)), + (B;).K,(B2),Ma, (23)

dew’ dt e



170 A Nitzan/Resonance Raman scattering

If we make the additional assumptions that all the elements of the dipole moment operator are parallel to each |
other, that the incident field is unpolarized and that all polarization components of the scattered light are '
collected by the detector, we obtam a result of the form (23) with (A,),, (B)),, (A,), and (B,), replaced by .
A, B, A; and By, in which the absolute magnitude of 4 replaces the v and A components and with additiona] ]
factor of 1/2 (resulting from the average over the initial polarization). The final result for the scattering :
cross section under these conditions is

dzg Y f : h AL+ A " .y Bn = ’ .:I
(&}Eati)dm dt = —i 3 000 *3"N(A K,B, + A,K,B,Madcw’ dz. (23a)

Egs. (3) and (4) and eqgs. (10)-(23) constitute the final gencral results for the thermally averaged absorption
lineshape and scattering cross section for the model outlined at the beginning of this section. When rotationa} :
motion is treated classically (when the experimental situation is such that no rotational structure is probed) the ;
results (3) and (23) should be averaged over all molecular orientations. The model calculations presented in the |
next section are performed with the more simplified ex pressions (8) and (23a).

The thermal interaction of the molecule with its surroundings as well as nonthermal damping processes
enter through the elements of R in the matrices M, N, K, and K. Contributions to R in eq. (7) arise from _
broadenings and shifts associated with different relaxation processes. Explicit forms are derived in appendices |
and C of ref. [4]. There are three kinds of contributions: (a) Pure damping (irreversible decay of levels in 4
manifold A} characterized by a damping matrix y and level shift matrix d. (b) Dephasing with rates denoted by '
elements of a matrix x and assoctated shift matrix . (c) Cross relaxation matrix ' and its related shift D. The ;
rates appearing in I express the thermal transition rates between levels in the 4 manifold. Explicit expressions ]
for these rates are provided in the appendix. Two points are worth noting: (a) The elements of the matrices  §
7, d, &, 9, I and D are in principle frequency dependent. In the impact approximation one usually neglects
this dependence but suitable frequency dependent models may be introduced [13] in order to study the
implication ol breakdown of the impact approximation. Also, at low T frequency dependence may hecome |
crucial, in view of relations (A.8){A.10). (b) Interference effects in the scattering cross section are always presengii
when the manifold A contains more than one level. Interference effects in the lineshape originate from the |
nondiagonality of the matrices y and d. _

For the simple case when the manifold A contains two levels r and s with E, > E, (fig. 1), the absorption and
scattering cross sections are obtained by applying eqs. (8) and (23a) with the radiative coupling matrices given {
by eqs. (14)-(21} (with n = 2, a; — r, a, — 5) and with the thermally modified energy denominators M, N, K;
and K, given by ]

-m* 0
(7 )

m = Erg(EO) - EO + lrr(EO) drs + iyrs !
B drs + iyrs Esg(EG) - EO + lrs(Eo)
N is obtained from M by replacing g and E; by ¢’ and Ej;

2i(rrs + }'rr) i}’rs + drs jyrs - drs - 2irrs Exp (_"BErs)
i'J”rs + drs i(yrr + Vss + K) —-EFE 0 i‘yr.s - drs

K, = ’ _ ,

1 i, —dy 0 (Y + ¥es + 6) + E ly,, + d,

_2irrs i?” - drs jl‘yrs + drs 21[rrs cxp ( _ﬁErs) + yss]

and
K. - (—E, —Ey+ E +1p9)7* 0
2 0 (Egy + Eq — E' + i)'}

———
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hese equations
Yim = 2. Viml B HE, + Eo — E)), = Y din[h"HE; + Eq — EJ]. (28)

he energy dependence may be disregarded because E, + E, » E; and the energy argument changes only
ightly when E, covers the resonance region);

[, =T,J(E.J/h) (E,, = E, — E; > 0), (29)
E Eo) = E,,+d, + D [h"'E, + E; — E)] + nlh~'(E, + Eq — E)]. (30)

y(Eo) 18 obtained by interchanging r and s 1n eq. (30);

T(E,) = T, J[h~NE, + Eo — E)] + v, + k. [h"(E, + Eq — E,)], (31a)

T{Eo} = T [R UE, + Eq — E)] + ¥,s + k,[A”YE, + E; — E)], (31b)

E=E,+d,—d,+n. (32)
inally

x = Kk (E,) + exp(—BE )k (E,) — x(E,) — x(E} exp (- BE,)), (33a)

n=Nu(E) — nd—Eg — n{E,) + 1 —E,). (33b)

¢ quantities appearing on the rhs of egs. (28)33) are defined in the appendix. In obtaining these results,
‘Thave disregarded thermal relaxation of the g and ¢’ levels.

To end this section, I consider the separation of the scattering cross section to its RRS and F contributions.
When thermal relaxation processes involving the |g> and |g’) states are disregarded, the matrix K, may be
separated in the form

-1 0 ! 1 0
= — - 4 Ey— E 34
K, ( . I)PPE Py m(o 1)5(599 + E, — E), (34)

where PP denotes the principal part. It should be noticed that the structure of K, in this approximation does
not involve the intermediate manifold. Furthermore, a generalization of (34) may be obtained by replacing the 6
function by a lorentzian with a width characterizing the relaxation of the ’g} and |g’> levels {at least dephasing
Wwidth should be anticipated). Inserting eq. (34) into eq. (23} leads to

dz(aiv)g—‘g’ — dz(cl")?“ﬂ' - ¥ M{ " (}5)
dw dt do dt dw’ dt ’ )
Where
dz ER .
(U).v)gﬂg o _;_—; wow 2b{ N{A,)(B,),Ma, Mw,y + wg — ), {36)
de dz ¢

E Bthe Raman scattering cross section and where

LACTRAY o - 1 1 0) |
v -+ _ e 4 e A ,E M 37
( dor dt 7o Yo biN| (A ),K((B)), + PPEgg' T E, ( 2l 0 l;( 2)1_ a, (37)
- i the cross section for resonance fluorescence. Under the conditions which lead to eq. (23a} I get
da, .\ 4
( :lr:u 9) = — fwow’% NA,B,Mad(w,, + w, — &), (38)

 an



172 A. Nitzan/Resonance Raman scattering

13
(.d&a) B _ﬁwow'35+m[ﬁlxlﬁl + PP 1
C

— (=1 0y |

A B, M :

dor +E, - E 2( 0 1) 2} * 39

where | have also assumed directional uniformity of the scattered radiation (as would be the case for the h
simplifted model if the molecules are freely rotating and no rotational structure is probed) and substituted a

factor of 4n for angular integration. i
It should be noticed that the fluorescence cross section [eqgs. {37) and (39)] inctudes both resonance j
:

E

29"

fluorescence (direct) lines resulting from levels approximately in resonance with the exciting beamn and ordinary
fluorescence {transfer) lines originating {rom levels which are populated in course of the thermal relaxation
process, Physically both contributions result from thermal interactions and are treated on equal footing.

Eqs. (8), (18)+26) and (38)+39) are the basis for the model calculations described in the next section.

3. Mode! calculations and discussion

The numerical calculations described here provide apart from the energy dependent absorption, RRS and
RF cross sections also the quantities

_ ! A (d9g-y - dogp) ':
o T )

which is the total (energy resolved) quantum yield for emission into the molecular state g, and
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Fig. 3. Absorption lineshape ( ) X 3, scattering Fig. 4. Isolated molecule. Parameters and scale factors aré;
cross section (-} x (5 x 10%) and total quantum yield identical to those in fig. 3 apart from the choice of i
{(— —) x 10* as functions of incident energy for an y,, = 0.23. The positive sign of y,, implies destructive
1solated molecule (no thermal relaxation} with intra- interference between two absorption maxima.

molecular damping y,, = v, = 0.25 p,, = by = g, =
chosen such that the radative widths of leveis r and s are
0.001235. The energy scale 1s set relative to E, — E, = E,,
which 1s taken to be 1. The origin is chosen so that

3(E, + E,) = 0. Energy shifts are disregarded (or absorbed
into £,). y,, = —0.23, the negative sign implies construc-
tive interference in the absorption lineshape between the
two absorption peaks.
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R(wo):[ jdw(ﬁdzaj) M J dw(‘_izm_) ] , an

" the ratio between the integrated resonance Raman and resonance fluorescence cross sections,

- have studied the effect of thermal relaxation on simple interference structures. The first (figs. 3 and 4) is the

interference pattern resulting when the intermediate manifold A consists of two closely lying levels. Fig. S

“shows the effects of thermal relaxation processes on the various cross sections and cross section ratios as

functions of the incident photon energy, while figs. 6 and 7 display the effect on the differential cross section

represented as functions of the scattered photon energy. Parameters are as given under the figures where the

“energy scale is set by choosing E, — E; = 1.0. In figs. 6 and 7 the scattered energy 1s shifted relative to the

incident one by the amount E,. — E, so that both can be represented on the same figure.

3 A second interference pattern (fig. 8) is obtained by choosing the radiative couplings and the non-radiative

. widths of the levels |s> and |7} such as to give the effect of an optically active intermediate level interacting

- with an optically active continuum. This results in a typical Fano interference pattern [ 14] which s affected by

thermal relaxation processes as shown in figs. 8 and 9. In fig. 9 the arrows mark a position shifted by £, from

the incident photon energy, where a Raman d-shape component 1s located. For the parameters used the

©- scattered spectrum 15 independent of the excitation energy. The two arrows correspond to two different
“calculations.

Figs. 3-9 are obtained in the high temperature imit (k, 7 = 100). Figs. 10-12 display the temperature effect

on the scattering process. Here the parameters are chosen so as to minimize interference between the two
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= 0.1, kgT = 100. The Raman component of the scattered I, =01
3

radiation is a & function peak (not shown) at the position ;
of the arrow (its lack of width results from the neglect of
thermal relaxation of the g, g° levels). The incident energy
1s given by the position of the arrow shifted by E ... The
ratio between the integrated Raman and the integrated
fluorescence intensities for any given incident energy is the
R curve of fig. 5.

levels. Because of limitations on the validity of the separation approximation used here, the calculation is
meantngful only provided kgT > T,,T';, where I, and I, are given by eq. (31). Thermal effects, however,
become pronounced once ky T becomes of the order of E,, (= 1 here).

The following conclusions can be reached from this numerical study.

(1) Interference effects lead to a nontrivial incident energy dependence of the total quantum yield Y{w). As
parameters where chosen symmetrically between the individual resonances |r) and |s), the energy dependence
observed in figs. 3-5 results only from interference. Y(w} is seen to attain a minimum at the points of maximumj
interference 1n figs. 3-5 and a maximum at the center of the Fano interference feature (fig. 8). Interference
effects on the energy dependence of the quantum yield function have been previously studied by us [16] and
have since been experimentally observed [20-26]. _

(2) Thermal relaxation processes, expressed in figs. 5 and 8 by increasing dephasing width «,, and «,, erase
the interference character of the lineshapes. This is seen in several ways: (a) In the cases studied in figs. 4 and 5,3
the quantum yield function becomes almost energy independent much before there is a marked change in the
absorption and RRS spectrum. (b) In fig. 5, while the RRS spectrum follows qualitatively the absorption '
lineshape, the F component shows a qualitatively different behavior, lacking any interference character. This
may have been anticipated as the F component arises from the non-coherent thermal interaction. (¢} A similar-_"
effect is seen in the Fano feature (fig. 8): while the absorption lineshape is markedly asymmetric and the Rama
component shows some degree of asymmetry, the F component is completely symmetrical about the center of§
the feature. 3

(3) When thermal broadening becomes large (fig. 5¢) the absorption, Raman and fluorescence components 3
become broad, having a maximum at the center of the spectral feature. j

(4) The ratro R between the integrated RRS and F components also displays the effects of interference. In &
impact approximation, essentially used in this work, R is expected to be independent of the incident photon
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Fig 8. Absorption lineshape (- }, Raman scattering
cross section (—---- —), integrated fluorescence (- -},

R (---) and total quantum yield {— —} as functions of
incident photon energy. Parameters are chosen to produce
a typical Fano lineshape: y,, = 50.0049, y,, - 50.0051,
¥e = 50.0050; radiative width (for emission to g) of [s) 1s
0.0049, of |r) 1s 0.0051, ky T = 100. {a) Isolated molecule,
k,, = Kk, = 0. Scale factors: Absorption x 30, RRS

x (4 x 10%). The quantum yield plot is for the function
(log,o @Y + 4) x 20.(b) x,, = x,, = Q001 Scale factors:
Absorption, RRS and quantum yield - asin (a); F x 10°,
R x (5 % 107%.(c) k,, = x,, = 0.1. Scale factors:
Absorption x 10%, RRS x 108, F x {2 x 10%),

Y x (5 x 109, R x 10.(d) x,, = x,, = 1.0. Scale factors:
Absorption x 10, RRS x 10%, F x (2 x 107),

Y x (5 x 10°), R x 3.

en_ergy while in reality R grows towards the band tails. The energy dependence of R shown 1n figs. § and 8,
anses from interference and disappears quickly with the increase in the thermal relaxation rates.

(3) In the two-intermediate level interference case (figs. 4 and 5) the effect of cross-relaxation process
(r, > 0) on the incident energy dependence of the different cross sections and cross section ratios 1s
Qualitatively and quantitatively similar to that of level dephasing (x,
Much larger than cross relaxation rates.

k., > 0). Usually dephasing rates are

rry
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(6) The scattered intensity monitored as a function of scattered energy (figs. 6-8) reveals a d-shape
component shifted by E . from the incident photon energy (at the posttions marked by arrows in the figures)
and an energy dispersed fluorescence component. The zero width of the Raman component results from
neglecting relaxation of the |g) and [g’) levels. The fluorescence component consists of direct lines {onginating
from the level most closely in resonance with the incident radiation) and transfer lines. It s scen from figs. 6
and 7 that x,, and x, enhance the intensity of direct lines while I',; enhances the intensity of transfer lines.

(7) The scattered intensity monitored as a function of scattered ecnergy, in the case of 2 Fano 1nterference
feature (fig. 9) is symmetric around the center of the feature, in contrast to the incident energy dependence of
the absorption and Raman lineshapes displayed in fig. 8, but in agreement with the incident energy dependence

“of the F component,

Turning now to the temperature dependence study (figs. 9-12) we observe the following points:
(8) Figs. 10a and 10b indicate that as the temperature becomes lower the lineshapes become asymmetric

tven when all radiative couplings and relaxation parameters are chosen equal for the |r) and

s) levels. The

lineshapes associated with the lower |s)> level are narrower than those originated from the |r)> level. Similar
effect is shown by the fluorescence spectrum (fig. 12). This is caused by the cross relaxation, 1, ,, process which
for lower temperatures becomes less reversible. At the zero T limit it will contribute a damping {as opposed to
thermaly width to the level |7> and no width at all to |s>. When other damping channels become more effective
(%,, ¥, increase, fig. 10c) this effect becomes less pronounced.
~ (9) The energy independence of the quantum yicld function in the cases represented by figs. 10a and 10b
Indicates that interference effects do not play an appreciable role there. When the damping widths v,, and y,,
become larger (fig. 10c), the resonances overlap, and interference in the scattering cross sections makes Y
“nergy dependent. Note that overlap of the resonances resulting from thermal broadening (x,,, x,, and [, in
ligs. 10a and 10b are of the same magnitude as y,,, v, in fig. 10c) does not lead to interference.

(10) The ratio R between the integrated RRS and F components shown in fig. 11 as a function of incident
®nergy shows three interesting effects: (a} R has a minimum at the center of the spectral feature. This is
®Sentially an interference effect as discussed above. (b) The rise in R for lower energies, more pronounced at
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iower tcmpcraturcé, results from the energy dependence of the thermal relaxation rates as expressed by eq. (A g)
and (A.10). At low temperature the widths associated with the thermal processes disappear and the scattering
process becomes more coherent. (¢) R increases when the damping processes (expressed by v,, and y,,) become
more efficient. This effect was discussed in detail in ref. [4], and is the basis for the use of quenchers in order to
eliminate fluorescence components from Raman spectra. It is interesting to note that adding a foreign gas as a
quencher to the irradiated sample may have two opposing effects. On one hand, it may enhance the thermal
relaxation processes (vibrational and rotational relaxation and collision broadening) and increase the rates

T, %, K, on the other hand, it may irreversibly quench the excited electronic state thus enhancing y,, and y,_
The first effect will lcad to a decrease, while the second to an increase in R. The net effect depends on the
relative efficiency of the added gas as a thermal relaxation agent and as an electronic quencher.

At present, theoretical analysis of RRS experiments is mostly based, even for thermally interacting systems
on the conventional expression (1) which is suitable only for isolated molecules. A proper treatment of therma]
effects has been provided before only for a single intermediate level [5] (or a quasi-degenerate set of interme-
diate levels [6]), and the results indicate that eq. (1) indeed cannot be used. Theoretical fits to experimental
results from which parameters like y are extracted are therefore doubtful.

Recently, Penner and Siebrand {31] and Mortensen [32], have attempted to take solvent broadening effects
in the analysis of models constructed for RRS from MnO, and from B carotene in solutions. The approach of
these authors is based on taking a convolution integral of eq. (1) with a lorentzian function with a width
associated with the medium broadening. In view of the results presented here and in ref. [4], this is clearly not
sufficient as a general method. It may be shown however that this approach leads to the correct result for the
excitation spectrum (but not for the spectrum of the scattered radiation) in the absence of interference effects
and provided that level dephasing is the only thermal effect of importance (population relaxation disregarded)
The later condition is realized, for example, if irreversible damping is much faster than population relaxation
between emitting levels but slower than or of the same order as the rate of dephasing, It i1s important to notice
that even in that simplified approach, the medium broadening effects on the excitation spectrum, and
particularly on the depolarization spectrum, are shown to be significant, |

Eqs. (35)437) provide the formal basis for the separation of the light scattering cross section into its coherent
RRS part and non-coherent F part. This is a generalization of Huber’s result [ S] for the single resonance case.
Huber's formula has been used for the analysis of experimental results in the multilevel I, resonance light .
scattering experiment [33]. Such an application will fail when interference effects and/or transfer lines play an
appreciable role in the observed spectrum, and indeed it cannot account for a few features in the I, spectrum.
Eqs. (35)-(37) provide an appropriate tool for analysis of light scattering experiments in thermally relaxing
multilevel systems. When the levels in the intermediate manifold contribute independently of each other
(interference and population transfer negligible) our results reduce to a sum of contributions of the Huber
type [4].

The relative intensities of the RRS, RF and regular fluorescence contributions to the scattered spectrum
yield information on the thermal relaxation rates. Example for the way in which such information can be
obtained is provided in ref. [4]. In practice one can resolve these separate contributions only in very simple
systems. Quantitative measurements in a one intermediate level system were done only very recently [3].
Atoms which are studied in level crossing experiments suggest themselves as two intermediate level systems
(e.g. the 2°P, and 2°P, states of helium} for which the results of section 2 will be directly applicable. Such
cases are particularly attractive because the mtermediate level separation, controlled by an external magnetic
field, is an additional experimental variable.

In more complicated systems, eqs. (35{37) rather than eq. (1) should be used for fitting the experimental
spectra. Only the total scattering cross section (and, using the absorption spectrum -- the total quantum yield)
will be a measurable observable. An additional observable is provided by the energy resolved depolarization
ratio which can also be analysed using egs. (35)+37). It should be mentioned that a complete analysis of these :
observables should involve also a thermal averaging over the distribution of initial molecular states (in such
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- high temperatures where the population of excited states in the ground electronic manifold become appreciable).
At a low enough pressure one may also need to take account of the Doppler broadening by convoluting the
results obtained here with a suitable gaussian function.

4. Conclusion

In this paper I have provided a general working expression for the cross section of resonance light scattering
in thermally relaxing systems. This cross section consists of RRS and fluorescence (resonance and regular)
contributions and should replace the conventional expression (eq. (1)) for RRS which is suitable only for
isolated systems. Numerical calculations indicate that thermal relaxation processes have an appreciabie
influence of the excitation and the scattering spectra. Analysis of these spectra will yield information on these
relaxation processes.
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Appendix: Relaxation rates and associated level shifts

The light scattering molecule is characterized by the levels |g), |¢°)> and the intermediate manifoid
A = {|a}>}. Relaxation phenomena may be described by introducing two distinct baths. First a thermal bath of
temperature T with a system—bath interaction operator which may be expanded in the form

Ur=Uy + U, (A1)
Ul = E Z P‘aa' |a> <a’i9 (AZ)
a¥a’

(A3)

g> <y

U, =Y K,|a)<a| + K, |g> {g| + K,

F,, and K, are operators in the bath coordinates. I assume that bath correlation functions of the kind (FK)
vanish. Thus the diagonal and the non-diagonal parts of U may be thought of as formally originated from
two different thermal baths.

Secondly, irreversible damping of levels in 4 may be associated with a zero temperature bath seated on some
lower molecular level [/>. The molecular bath interaction is of the form

U;==Z(JMU><G1+-LJG><H) (A.4)

There may be several damping channels each leading to a different final level | and each corresponding to a
different U ;- J j, are operators in the coordinates of the zero temperature bath. It should be kept in mind that
the “zero temperature bath” does not usually correspond to a physical thermal bath. Two common cxamples
are intramolecular radiationless transitions where j corresponds to a lower electronic level and the bath 1s the
Manifold of vibrational states associated with it; and the related problem of medium induced electromc
felaxation where the bath is the surrounding medium and as such identical to that inducing Uz, however,
because electronic energy gaps are usually much larger than k3T, the medium will have the effect of a zero
temperature bath.
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The relevant relaxation rates and level shifts are obtained as Fourier-Laplace transforms of time correlation
functions of bath operators’

"

dt exp (iwr) <Jo (M 2 (0)) = V2u(©) + idge{w), (AS)
Hd

dr Bxp(lmr) <Faa’(t)Fa'a(0)> = rua’(w) + iDaa’(w)a | (Aﬁ)
3

drexp (iwt) (K(OKA0)) = ki) + i) (A7) |
b _

The relaxation rates satisfy the detailed balance relations

raa'( - CU) = CXp ( - Bw)raa'(a))s (AS)
]Jja‘( _CO) =0, (A9}
Kin{ — ) = €XP (= foiin(e). (A.10) §

Temperature dependence is obtained in this formalism through these relations.

! Note the difference in notation from ref. [4]: (a) I, and D, are identical to I';,. and D}, there; (b} va.- and d,, are

identical for a = & to I';; and D;, there, and for a # a to ¥}, &} there. (c) x;,, here s identical to «;,, there.
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