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The review deals with various variants of classification of the types of secondary emis-
sion of light by molecules; cases are distinguished in which the secondary emission
occurs without additional processes that find their way between photon emission and
absorption; the advisability of differentiating between the cases of resonance fluores-
cence and resonance scattering is noted. Reference is made to papers that have made
contributions to the development of quantum-mechanical and classical theory of

Raman scattering and to the development of the concepts of the relations between
electron-vibrational absorption spectra, fluorescence spectra, and scattering exeitation
near and near and far resonance. Conditions are considered of excitation of the spec-
trum at different relations between the electronic-osecillator damping constant, the atom
vibration frequency, the rotational frequencies, and the difference between the frequency
of the incident light and the frequency of the electronic transition. The conditions for the
excitation of typical light scattering, typical resonance fluorescence, and certain inter-
mediate types, in which individual features of scattering are combined with certain fea-
tures of fluorescence (phenomena of the transition type) are noted. The results of inves-
tigations of different models of the scattering centers, their advantages, shortcomings,
and limits of applicability are compared. The most interesting results of the experimen-

tal investigations of resonant scattering of light by molecules and crystals are noted.
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1. INTRODUCTION

Raman scattering (RS) of light by molecules is one of
the forms of light transformation by matter wherein the
frequency change is determined by the difference be-
tween the molecule energy in the initial and final states.
The most thoroughly investigated are those cases in
which the change of the frequency of the incident light
involves a change in the quantum numbers of the intra-
molecular vibrations of the atoms and in which relatively
weak light fluxes are used to excite the spectra. The
study of RS spectra obtained under such conditions (in-
cluding resonance-scattering spectra) has yielded much
useful information on different aspects of the interaction
of light with molecules, and also on the structure of sim-
ple and polyatomic molecules. The technical capabilities
of RS spectroscopy have by now been greatly expanded,
particularly in connection with the use of lasers (see the
reviews{'™*1, Accordingly, interest in the principles of
Raman scattering itself has also increased.

The increase in the number of investigated objects
and excitation conditions, and further development of the
theory, have contributed to the discovery of new inter-
esting phenomena, and have made it possible to establish
important relations between different forms of mole-
cular-optics phenomena and to uncover greater pros-
pects for the study of secondary emission.

Most information on RS spectra has been obtained in
experiments with solutions or pure liquids, where no
rotational structure of the line is usually observed, and

29 Sov. Phys.-Usp., Vol. 16, No. 1, July-August 1973

the rotary motion of the molecules is manifest only in
the form of line broadening. Therefore in the study of
these spectra one usually deals with the frequency at the
maximum of the line (band), with the integrated inten-
sity, and with the averaged degree of depolarization p.
Much experience has been gained in the use of these
quantities to relate lines to definite forms of atom vibra-
tions and to solve various spectrochemical problems,
using empirically established laws and correlations (see
the reviews[®®1), Depending on the methods and pur-
poses of the investigations, RS lines have been des-
cribed in terms of intensity coefficients® , the "coeffi-
cients of activity in scattering''[®3, the va.lues of the
transition probability (see below%, the quantum yield, or
the scattering cross sectionl 7710

The problem of RS line intensity is closely connected
with the problem of the very origin of Raman scattering;
it is of interest both from the point of view of applica-
tions of the spectra and from the point of view of deter-
mining the nature of the phenomenon. Although the prin-
ciples of the phenomenon are by now well known, in con-
crete cases we are still unable to identify the factors
determining the appearance of the RS.

Different variants of both classical and quantum-
mechanical theories were used to describe molecular
scattering. When using various models, which had fre-
quently led to contradictory conclusions, it was impor-
tant to establish the true relations between them and the
regions of applicability of each. As usual, different
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simplified models have narrower regions of applicabil-
ity, but in definite cases they lead to satisfactory solu-
tions that.are compact and contain no unnecessary
details.

2. TYPES OF SECONDARY EMISSION OF LIGHT
BY MOLECULES; CLASSIFICATION

Secondary emission comes in a great variety of
forms which must be described and classified separ-
ately. A rational classification and terminology should
contribute to a shorter and practically more convenient
description of the aggregate of molecular-optics phe-
nomenon. At present, however, there are still no estab-
lished traditions, and different authors use greatly dif-
fering procedures, so that it is difficult to compare and
to generalize the results of the experimental and theor-
etical research. The types of secondary emissions are
characterized by using spectral and temporal charac-
teristics, polarization, indicatrices, and reactions to
additional perturbations.

Stepanov and Apanasevich ({3, Sec. 25) believe that
secondary-emission mechanisms can differ only in
‘whether the annihilation and creation of the photon follow
each other ("light scattering") or whether additional
transitions take place between them and modify the
intermediate excited state of the molecule and by the
same token the energy or the polarization of the
secondary-emission photon ("'photoluminescence").
This proposed differentiation is quite useful, although
not always definite, since cases are possible in which
only a small change in the molecule energy, AE = T,
takes place between the emission and absorption (T is
half the bandwidth of the incident light), for example as
a result of a change in the orientation of neighboring
molecules or as a result of other time-dependent per-
turbations. Additional processes in the intermediate
state can be considered in some cases as transitions be-
tween sublevels of the excited state, and in other cases
as irregular evolutions of some additional elements of
the field, which lead only to a broadening of the excita-
tion level, and under certain conditions to a secondary-
emission line.

When a classical theory is used, simultaneity of the
absorption, emission, and of the additional (intermed-
iate) processes is not excluded; in quantum electro-
dynamics this corresponds only to simultaneous changes
in the probability amplitudes b (t) of the initial, final,
and various intermediate states of the '"molecule + radia-
tion field'" system.

The subdivision of the photon conversion process into
a number of stages is usually used in the analysis of
photoluminescence, and in some papers also in the
analysis of scattering (see, e.g.,t?™; cf.,[**>%]),
In['"), resonant Raman scattering was represented as a
sequence of three separate stages: 1) absorption of pho-
ton hiy, 2) production of quantum hw, 3) emission of
photon fi(v — w). This representation, however, does not
agree with the fact that the frequency w and the half-
width of the RS lines correspond to parameters of vibra-
tional sublevels of the electronic ground state, and not of
the excited (intermediate) state, and also with the ab-
sence of ""rotational depolarization' of typical scattering
lines. '

Secondary emission can contain simultaneously dif-
ferent forms, for example scattering and photolumines-
cence, which are connected with the same level of the
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“ing, TAT + y

electronic excitation of the molecules . In the ex-
position that follows we shall not concern ourselves with
photoluminescence and consider only those forms of
secondary emission which occur without intermediate
processes in the excited state. In complicated systems,
in the case of rapid vibrational relaxation, they amount
to a smaller fraction of the radiationt°:2" put in spite
of this they may turn out to be the only noticeable emis-
sion element (cf.? )

In most papers, a distinction is made between reson-
ance scattering and resonance fluorescence ([*°13[21725]
and others). Inf*Y, to the contrary, it is assumed tha.t
these forms of emission do not differ in nature and should
should be regarded as '"'scattering''; at the same time,
some authors define any resonant emission as fluores-
cence. Rebane(*®) includes resonance fluorescence in
the more general concept of '"hot luminescence."” On the
other hand, the authors oft**! consider it necessary to
differentiate between afterglow and emission in the
stationary illumination regime (‘'scattering') even if the
spectra are the same; the possible identity of the spec-
tra is regarded only as an outward similarity of the
phenomena.

The duration of the afterglow can vary in a very wide
range (cf.t**)), in accordance with the variations of the
damping constant y , of the electronic oscillator. The
fraction of the afterglow in the secondary resonant
emission of a simple oscillator illuminated by a damped
light wave (with a damping constant T') is roughly speak-

), and approaches unity if I' >> y, or zero
if yo > I‘[”?. From this point of view, the secondary
emission has clearly the character of fluorescence at
I' > y¢ and the character of scattering at y, > T'. In
the former case the emission spectrum practically
duplicates the natural spectrum of the medium (within
certain limits, also independently of the frequency of the
maximum band of the incident light), and in the latter
case it duplicates the line contour of the incident light.
These and other characteristic differences justify the
use of a terminology that distinguishes between reson-
ance scattering and resonance fluorescence, and is ac-
ceptable both for illumination with a damped light wave
and for stationary illumination of matter by a light band
half-width I (at least in those cases when the compon-
ents are mainly separated in the spectrum or in time).

In order to accentuate the important factors in the
classification, we turn first to a simple model of an os-
cillator with two energy levels, the lower of which has
very large lifetime 7o; the frequency of the maximum of
the absorption band will be designated Vo Figure 1
shows the irradiation conditions near resonance at
T < yq, if the probability that the molecule converts
one photon hw (without changing its energy) in a time At

FIG. 1. Absorption spectrum (dotted line), incident-light spectrum
(dashed line), and secondary-emission spectrum (solid line) for the model
of an oscillator with two energy levels.
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is proportional to the absorption coefficient €(v) and to
the number of the corresponding photons. Since Ve ~ ¥
>T, ygin this case, two maxima are observed in the
emission spectrum. One lies in the region of the inci-
dent-light frequency v and should be attributed to scat-
tering, and the other lies in the region of v, and should
be attributed to fluorescence (see, for example, ?7/2¢1),
We see that the intensity of the secondary radiation is
concentrated predominantly in the narrower component.

If the regions v + T" and v_ = y_ overlap little, then
we can confine ourselves in fhe egtimate of the scatter-
ing line (band) intensity or of the fluorescence intensity
to integration in the first or in the second of the two
indicated regions (cf.['*}), In the overlap region, the
demarcation between the two is ambiguous. In one of the
demarcation variants, the scattering intensity is approxi-
mately proportional to y¢[(vg — V*)* + vA(I" + y)]™". The
total resonance-emission energy is approximately pro-
portional to (I" + ye)'l, the fraction of the fluorescence
in it is close to T/T + v), and the fraction of the scat-
tering is close to y /(T + v,).

According tol™ the amplitude of the probability of
photon conversion by the molecule is divided at least
into two parts, one of which determines scattering and
the other resonance fluorescence; the conversion can
be effected via three channels, "scattering, "fluores-
cence," and "a mixed process' (see Chap. 4). At
T = ye and v = v, the last mentioned channel should
account for half the energy of the secondary emission.
Under such conditions, according to[2'2%) an “interfer-
ence'' takes place between hot luminescence and light
scattering, which can be distinguished perhaps only by
their polarization properties. The word "interference"
can mean here not more than superposition of two
hypothetically separable contributions to the amplitude.

In those cases when no distinct demarcation of differ-
ent forms of resonance emission in the spectrum can be
made, it is most important to obtain a general descrip-
tion of the emission. According tot?:%]  the emission
exhibits typical scattering attributes under certain con-
ditions, fluorescence attributes under others, and inter-
mediate-type attributes in still other cases. Combination
of different types of emission elements in different
bands of the spectrum is possible®71® (of, (181 where
only typical scattering or fluorescence phenomena are
recognized).

According tol**! a comparison of the possibilities of
determining the probability secondary emission in terms
of the product of the probabilities of absorption and
spontaneous emission shows that the resonance and non-
resonance scattering (unlike resonance fluorescence) is
a two-photon process and cannot be interpreted as a
sequence of one-photon absorption and emission proces-
ses (cf.[2'3)D Wwe can point out in this connection that
the "quantum yield" of the secondary emission depends
on the intensity of the competing (nonradiative) proces-
ses and on the real constant y,, but depends little on T;
in the resonance region at yo << T', when the secondary
emission has the character of resonance fluorescence,
and at ygo > T, when it has the character of scattering,
the quantum yields at a fixed value of I" are approxi-
mately the same. Thus, the probability of conversion of
the absorbed photons can be regarded in both cases as
equal to the probability of spontaneous emission. How-
ever, the very possibility of representing the photon
scattering probability in terms of the product of the ab-
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sorption and spontaneous-emission probabilities
(seet7728:293y jg not directly connected with the answer
to the question whether scattering takes place in the
form of a single act.

In the investigation of complicated oscillators (mole-
cules), one introduces in addition the probability that
photons from secondary-emission (for example, scatter-
ing) will ultimately make up one of the lines (bands) of a
progression v —nw, In such a series, the probability
distribution may correspond to the distribution of the
probabilities in spontaneous emission if resonance or
near-resonance occurs with one individual component
Vey of the absorption spectrum (see, for example, tzel
and formula (35) in that review).

It is customary to distinguish between different forms
of RS, depending on the degrees of freedom to which a
fraction of the incident-light energy is transferred.
Thus, in scattering of light, changes can take place in
the energies of the electrons, the atom vibrations, the
rotational motions of the molecule, the diamagnetic and
spin states, and the crystal-lattice element vibrations
(in pure, combined, and mixed forms). "In addition, two-,
three-, and many-photon processes are possible, as
well as stimulated and inverted processes. Each of these
forms can be a source of varied valuable information.

3. DEVELOPMENT OF QUANTUM MECHANICAL
THEORY OF RAMAN SCATTERING OF LIGHT

The most investigated were the possibilities of a
theory in which the quantum-mechanical description of
the light-scattering molecule is combined, on the basis
of the correspondence principle, with the classical des-
cription of radiation. The interaction of light with mole-
cules was usually considered in second order of time-
dependent perturbation theory. When choosing the per-
turbation operator, most studies confined themselves to
the dipole approximation (the 'dipole-length' operator).
The components of the polarizability tensor were deter-
mined in this manner.

The intensity (Ig) of the RS line corresponding to a
change 0 — k in the quantum number of the atom vibra-
tions, for molecules that can be freely oriented in space,
is proportional to (v — w)* l'%) (@p0) 0k | ¢ where
(o pcr)Ok is the Cartesian (po) coordinate of the matrix
element of the polarizability. The Kramers-Heisenberg-
Weisskopf formula represents (apo)Ok as a sum of con-
tributions of the electron-vibrational excitation levels.
These contributions are determined primarily by the
matrix elements of the dipole moment M, which are
made up of the molecular wave functions:

i ()05 (Mo (Mo)gy ()2,
(“”")""“7% 2 [V33~v+(1/2) Voo NI () iy A

1)

The type of electron-vibrational transition in (1) is de-
termined by the indices of the electronic level and of the
quantum number of the atom vibrations in the initial (00),
intermediate (ev), and final (Ok) states; vgy is the fre-
quency of the 00 — ev transition and will henceforth be
written about the superscripts, v is the frequency of the
incident (quasimonochromatic) light, y, is the damping
constant, and w is the frequency of the vibration of the
atoms.

In the practice of molecular spectroscopy one usually
deals with systems in which nonradiative transitions
from the excited state ev patently predominate. In these
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cases, the formulas that take only radiative damping into
account are not suitable for the description of resonance
emission, but the introduction of a damping constant
corresponding to the real width of the absorption band
can lead to perfectly satisfactory results if the damping
is exponential. In{*%?!] 3re considered separately the
radiative-damping constants y of the electronic os~
cillator and the damping constant y t of the vibrations
of the nuclei in the electron-exciteda state (vibrational
relaxation).

The authors of(*”, examining the time dependence of
the induced moment and using the Bogolyubov averaging
method, modified the expressions for %o and excluded

the damping constant completely. Under resonance con-
ditions, the contribution of the resonant level was not
included in this case in og) However, the proof of the

modified formula is of doubtful validity.

Formulas similar to (1) can be obtained in different
ways, including methods of classical theory, quantum
mechanics, and %uantum electrodynamics; see, for ex-
ample, L72%953:%2) " ang alsot*? (the resolvent method).
In one of the variants, unlike in (1), momentum matrix
elements replace the dipole-moment matrix elements
under the summation sign'**?. The common factor
1/v(v — w), which is not present in (1), can then create
the impression that the new form determines a different
dependence of the RS line intensity on the frequency of
the incident light (see, e.g.,**)). The new form, how-
ever, can be reduced to (1) by a simple identity trans-
formation[®**’**} provided only one does not omit the
summation over e. It is important that the transforma-
tion of (1) into a new form is accompanied by a modifi-
cation of the contributions of different levels e of the
electronic excitation. The relative contribution of the
"remote" e levels becomes more appreciable, and the
possibility of simplifications resulting from taking into
account only one neighboring e level is practically lost.

Formula (1) corresponds to conditions when the
incident-light intensity is not very large (both far from
resonance and colse to it) and yo, > Yoo, Yk the value
of y ey Can be larger or smaller than the atom vibration
frequency w. The limitations connected with the inter-
action between the excitation levels will be discussed
later; the possibilities of using (1[) for polar and non-
polar molecules are discussed int*™, p. 35.

Formula (1) can be used directly to determine the
integrated line intensity in the scattering spectrum, re-
ferred to the integrated intensity of the excited light, not
only in the case of quasimonochromatic excitation, but
also in the case of excitation with a rather broad band,
provided that T’ < v, —v. WhenT = ygand T = vg — v
(when the contours of the incident-light band and the os-
cillator absorption band overlap appreciably), the separ-
ation of the light described by the polarizability matrix
element from the total flux of secondary emission of the
“'scattering'' becomes formal and to a certain degree
arbitrary. Under these conditions, however, one can use
formula (1) to describe individual sections of the spec-
trum or the entire secondary emission that occurs with-
out intermediate transitions in the excited state”’. To
determine the intensity in the simplest variant, without
allowance for phase correlations, it suffices to introduce
integration with respect to v; a rigorous solution (using
the entire set of matrix elements o)) does not exclude
the possibility of describing the resonance emission,
including the afterglow, by means of a time scan. The
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scattering of light (but not resonance fluorescence) can
be described, by Breit’s formula’®®, which differs from
(1) in that it contains the differences y, — T in place of
7e+ This formula does not offer great new possibilities,
for when T < y, it reduces in practice to (1), and when
T = y, the separation of the "scattering” of light has
little meaning in most cases., When T" = Yer the matrix
element of the polarizability can become infinite and can
become physically meaningless even close to this condi-
tion,

Direct utilization of (1) for practical estimates of o
and of the character of the secondary emission is made
difficult by the insufficient knowledge of the molecular
wave function. The abundance of difficult-to-calculate
parameters has stimulated searches for acceptable sim-
plifications and modifications of the formula, which
describe various particular cases in a simpler form.

One simplification that has been fully justified is
based on subdivision, in the adiabatic approximation, of
the complete molecular wave functions ¥ into electronic
(¢} and nuclear (u) functions. The interaction of the
electrons and the nuclei is taken into account in limited
form. Thus,

‘P'ev = Q. (gx O) Uep (0): (2)
another form, ¥, = (pg’)(g)uev(Q), is also possible. The
subscripts e and v determine here the electronic state
and the quantum number of the atomic vibrations, ¢ is

the coordinate of the electron, and Q is the nuclear
normal coordinate,

On the basis of (2), the dipole-moment matrix element
(the component ¢0) is represented as follows:

(Ma%:SmWMAmuman

here M, is constructed on the basis of the electronic
wave functions and is regarded as a function of the
nuclear coordinates (but not of v); the following series
expansion is customarily used:

Moo (Q) ~ Moo (1 4+ 0.0 + 5,0° 4+ .. ). (3)

In principle we need not introduce the dependence of
M, on Q, but merely supplement Mg with a correcting
factor D(€) that takes into account in general the rather
weakly pronounced individual features of each vibra-
tional sublevel ev (see below).

In any of these variants it is possible to separate two
factors that determine the contribution of each elec-
tronic excitation level e in a@o,: 1) the M, (Q) depen-
dence, or in other words the dependence of p(®) onv;

2) the dependence of the resonant denominator in (1) on
v, which in the semiclassical theory is taken into ac-
count in the form of the v, (Q) dependence.

These two factors were considered in different forms,
starting witht*°’**J, in numerous papers, in which the
main regularities and tendencies were described. It was
established that the second factor is due principally to
the change (a,) of the equilibrium value of the nuclear
coordinates in electronic excitation, and that its role
increases when the resonance region is approached.

The contributions of both factors to @y, can be repre-
sented in first approximation in the form of two indi-
vidual terms; for ap, @o, and other oy, mixed terms
are also obtained even in the first approximation.

When the linear approximation is used within the
framework of (3), formula (1) as applied to one diagonal
element oo takes the form
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1 o e e e
aor =5 2 MZ D\ F (v, v) (45 + nBR1 AR + nBR]; 4)
here
Airek) = S Ueplion dQv

BY = | ueQuon dQ

v

(5)
(6)

etc.,

2oy — k0 + Yo

F = .
(V, U) VE, =V iVepVep — kW {Vep — V 4 iYep) — (1/4)V%,

(")

Under ordinary conditions, kw < Vey and

8)

F (V, v) ~ 2Vev/(vzv _V2+ iveerv) .

In a somewhat different variant{#>%]

2 2 ev e} 4(8) (&) ple
oo & 5 Oy Me D) m\m ARARDEIDS. 9)
Expressions for the off-diagonal elements (po) are ob-
tained in the same manner,

Formulas (4) and (9) give a general idea of the role of
different levels e of the electronic excitations, of the
role of the vibrational structure (latent or explicit) or
the 0 — e absorption bands, and of the contribution of
individual e sublevels to the matrix elements ag for
different "vibrational" transitions 0 — k to the RS.
Formula (9) makes obvious the connection between the
UV absorption spectra and the intensity of the RS lines;
the more intense the UV absorption band the closer it
lies to the exciting line, and the broader the system of
components ev of the vibrational structure of this band
the larger the role it plays in the intensity Igy of the RS
line. The 0 — e electronic transitions and the corre-
sponding levels e, which make an appreciable contribu-
tion to o, were called "effective or "actual "[**) -
(c£.0387y,

The overlap integrals Ag:r) and Aﬁ'{) are rather easy

to calculate, if the nuclear vibration frequency in the
ground state (w'®) and in the electron-excited state (w(e))
is approximately the same (0'® = w(€) = w). Then, for a
harmonic oscillator at v = k (omitting the indices e)

Ay = (k101 * exp (—d?) (— 2d)° " L2 (247), (10)

where d = A/2v2Q,, Q, is the zero-point amplitude of
the atom vibrations, and L is a Laguerre polynomial

(cf. the formulas int*] for transitions with phonon ex-
citation in crystals). The quantity 2v2d = A/Q, for a
diatomic molecule determines the number of components
of the vibrational structure of the 0 — e absorption band
within the "half-width'" of the system of components ev
(and depends, naturally, on e). The conditions v < k and
w'® # w(®) were considered int**, and the influence of
the anharmonicity was considered in[% %6481

An important circumstance is that the signs of the
products Ag Ay for different sublevels v are not the
same, provided only that k # 01}, This determines the
distinguishing features of the dependence of the intensi-
ties Ip,(v) of lines of different order on the frequency of
the incident light. The alternations of the signs of
AgyAyk in the sequence of sublevels v are the cause of
the particularly small intensity of the overtones of non-
resonant RS.

The overlap integrals form an orthonormal system
and

if k=0,

1
Setn={g & poc. (11)
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Therefore neglect of the differences in the resonant de-
nominators in (9) for different sublevels v (their averag-
ing) at 1, = 0 means reduction of all the matrix elements
gy except ag to zero (ef.[* .

Among the sublevels v of one electronic level, the
largest contribution to aoo and aq far from resonance is
made by the "Franck-Condon" sublevel v* ~ 2d° =
= A%/4Q5; the largest contributions to oo are made by
certain sublevels v, and vy, with vy <v* <wvp and

Vo~ Vp ® (8/Q,) (@(®)/w!?). The general character of
the distribution of the contributions in excitation far and
near the resonance can be estimated from Figs. 2 and 3.

t 1s of the t
Integrals of the g?)e

. Byk, which are contained in 24;,
take, according tol *-,

the following form at w‘® = wi®

Bor=[(A/2) + (2Q%/A) (k —v)] Avr..

The dependence of Mg on Q results in certain changes
in the contributions of the ev sublevels to aqy (see the
example in Fig. 2d). In this case the expression

22 (Agy + 1Bgy) (Ayk + 1Byy), unlike 27 AgyAyy, 1S no
v v

longer equal to zero. If the signs of n, and A4 are not
equal, the influence of these parameters on the contribu-
tion of the electronic level in ¢y, can be mutually can-
celled out to one degree or another (up to the vanishing
of aqi at a certain value of v).

If i plays the predominant role, then the contributions
of all the sublevels v of the electronic level e can have
equal signs. In the case of nonresonant excitation, re-
gardless of the presence or absence of a vibrational
structure of the absorption band, the electronic excita-
tion level can then be regarded as a single level e:

atos = (4/7) g [V /(v — v MEn.Q ,,
g =(21'2/8) g [ve/(VE —v3)] M2 (n. + 2L.) Q2,

where V¥ is the frequency of the maximum of the zero
0 — e absorption band; v* = v_ % These formulas
correspond approximately to Placzek’s theory of polar-
izability (neglect of the presence of the vibrational
structure of the absorption band, when the "electronic
transition can be replaced by the center of gravity"™,
which is permissible at a large distance from reson-
ance). In this approximation, the contributions of the
electronic level e to all oo including oo (and possibly

(12)

74 Zy; 7] -7
o =7 7e=0 Te=0 Tg<l
Ve 4 -
sk - 3
P -—
4 — B | B |
3 f—————— - -
2 f———— e —
7 - Ema—— —_——
g b - I
a b c d

FIG. 2. Distribution of the contributions made to o, &g, , and g,
by the sublevels v at 7, = 0 (a — ¢) and to ag; at n < 0 (d) are from
resonance [*8] (v* = 3).

FIG. 3. Distribution of the contri-
butions made to o, by the sublevels v
upon excitation near resonance with
veo (7, slightly larger than w). The
ordinate axis corresponds to the
imaginary part of the contributions.

v=§ u=%
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also to all Ip)) increase all in similar fashion and rela-
tively slowly with increasing v.

An interesting property of the aggregate of coeffi-
cients is reflected in accordance with[*? by the relation

2 vIMi, =0,

from which it follows that the signs of the coefficients
Te are not the same. The difference between the signs
of ng, like the difference between the signs of the con-
tributions of individual vibrational sublevels v in (4) and
(9), leads to a stronger dependence of wo; and Iy on the
frequency v of the exciting light. The electronic levels,
however, are usually not numerous and differ more in
energy, so that a significant influence of the signs of 7 e
on I{v) is less probable[**?,

One of the ways of investigating the My(Q) dependence
is expansion of the wave functions, in the adiabatic ap-
proximation, in a Taylor series in Q by the method of
Herzberg and Teller; within the framework of the first
order of perturbation theory, according tot®%,

om@=m+wm;mm@m—ML (13)
where s and e are the electronic excitation levels
(see[3726,%1:52,1%]y ' pormula (13) contains off-diagonal
matrix elements a,,, which determine (when Q is shifted
by unity) the interaction ertergy due to the mixing of the
states e and s referred to Q = 0:

o = (. (8) | (BH18Q)o | s (8D,

where H, is the Hamiltonian of the electrons of the
molecule (at a definite position of the nuclei), and ¢,
and ¢ ¢ are the eigenfunctions of this Hamiltonian at

Q = 0. In the opinion of the authors of[*®}, the denomina-
tors in (13) should be regarded as functions of Q; in this
connection, they criticize the results in!*®*") although
they themselves use (in a different form) only the first-
order approximation.

(14)

The connection of hgg with the quantities 74 follows
already from the simple relation[**?

Mo == (1/A) X1 Vhes/ (Ve —v5)] (Ms/Me).-

In[**] (see alsol®7) it is emphasized that in Raman
scattering the role of Ay, or in other words the role of
the aggregate of vibrational sublevels v, is connected -
with the diagonal elements hgg = Kedg = h(8vg /8Q)o
whereas the values of 7 e are connected with the off-
diagonal elements. The letter K above denotes the force
constant of the chemical bond (diatomic-molecule
model); the subscript labels the electronic state.

InE®7 %8 on the basis of (13) and (14), sufficiently
general formulas are obtained in the form of three terms

(15)

which reflect the role of the vibrational structure of the
absorption band connected with A (term A*, which con-
tains Age), and the roles of the interactions of the
electronic excitation levels with one another (term B¥*,
containing the off-diagonal elements hgg) and with the
ground state (term C*, which includes coefficients of the
type hgg). These formulas differ in essence from (9) in
that the contribution of the coefficients 7 to the terms
B* and C* are defined concretely. Allowance for the
latter corresponds to the Placzek polarizability-theory
approximation (cf.[*7’*%1), As to the term A*, it is
equivalent to expression (9) if we put all D = 1.

A% £ BY % = (o),

104 Sov. Phys.-Usp., Vol. 16, No. 1, July-August 1973

Off resonance we have [*7

MgochesM,
BZU:%E E veivs Z[( o0etesMps0
v

Vop—V
ex=0 550

MpOehesMasc

Ver+¥

) AOvBuL

(16)
MoshseMgeo -
Veo kY ) A”"B“J '

where M P and M, are labeled by the indices of both
combining electronic levels. According tot*"’%%) the
term B* should be particularly important if the molecule

has a weak long-wave 0 — e absorption band and an in-
tense short-wave s — 0 band.

MoOshseMpeo
+ ( Vep—V

According tol®?, the term C* is less significant than
B*, and corresponds to levels s for which the transitions
0 — s are forbidden, whereas B* includes hyg of the
combining levels.

Damping is taken into account near resonance [**) and
summation over v is retained in all terms of (15). Far
from resonance, the summation over v drops out and the
expression A* + B* + C* becomes close to the formulas
of the simple semiclassical theory.

Peticolas and co-workers %!} obtained an expression
corresponding to (15) and (16), using third-order per-
turbation theory and assuming

Wi () = Uz (¢, to) ¥i (o),

where the operator Uy is expressed in terms of the in-

teraction Hamiltonian for the "molecule + field" system;
this Hamiltonian is subdivided into the Hamiltonians of
the interaction of the field with the electrons and of the
electrons with the nuclei. The problem is solved, with
insignificant differences, also within the framework of
second-order perturbation theory with an expansion of
the type (13). In the second variant, the probability of the
0 — 1 transition for molecules oriented in a definite
manner becomes, after some simplifications,

Wy = const -2 (Vm_m) ‘ 2 { (vtlioc\,/;g(i\:fuv) +

lrgeMgesMpso

MgneltesMpsn

o V) (% —wTv)

(17)
- hoeMpesMaso 1\1,70[‘,}[0,,51%0—L MaoeMpestso ] 13
Covg (Ve—w kv 7
where vy = vk and vg = v3. Neglect of the vibrational ev
structure in both variants is partly offset by inclusion
of the diagonal elements (e = s), which makes possible
(at least far from resonance) to represent in unified
form the terms of the type A*, B*, and C*. In the first
variant, unlike in (17), the resonant denominators con-
tain v, + w instead of v,; the diagonal element (e = s)
therefore yields two resonance points for one e level;
these points are interpreted inf>*’5%] a5 resonances
"with the incident'' photon and "with the scattered
photon." It suffices, to note, however, that under condi-
tions when the diagonal element predominates neglect of
the vibrational structure near resonance is permissible
only if y, > w, when the I(y) curve has one maximum.

Ye < w, an entire series of maxima should be ob-
served, as shown in Fig. 6 below.

Ve (Vs—V) Ve (Vy— 0 V) T v (ve—V)

Formulas of the type 817) are genetically connected
with Loudon’s formulal®) for crystals. The latter takes
into account the electron-phonon interaction in the form
of a deformation potential that corresponds to the matrix
elements hgg and hgg.

m*™®3, unlike in the previously noted papers, account
is taken of the differences between the systems of the
normal coordinates and the ground and excited states e;
the electronic wave functions are expanded in the normal
coordinates Q® and Q(®) of the ground and excited
states, and the coordinates that transform in accordance
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with one and the same irreducible representation are
included. Then

Maoe = @0 & 0@ =0) Mo (€) 9 (& @2 =0) dk,

However, no sufficient justification is given for this
form.

The representation of (a,,)gi in the form of three
terms A* + B* + C* facilitates the analysis of the gen-
eral formulas, but becomes rather unrealistic in higher
approximations.

In the cited papers, in which the expansion (13) was
used, no estimate was made of the extent that the re-
sults are valid if only the linear terms are retained; yet
in a number of cases, particularly for antisymmetrical
oscillations, one can expect nontrivial relations, par-
ticularly at small hag owing to the inversion of the con-
tributions of the interacting electron levels in the case
of oscillation of Q5. The linear terms are known to be
insufficient for a determination of the intensity of the
overtones, and even for the 1 — 2 transitions.

Koningstein[s‘"’:| continued the expansion and obtained

expressions for the overtones and for the composite
tones in the case of regions far from resonance. A
formula of the type (17) for arbitrary 0 — k transitions
in resonant interaction was obtained inl'™; in place of
the sum over e and s, there is in this case only one term

3
MooeeMpco [ |] (vot-mo—v+(172) i)™

Introduction of the damping, however, does not eliminate
the disparities noted above. Int'7, as in[*7, provision
is made for a successive appearance of k quanta hw in
the intermediate electron-excited state of the molecule
(cf. page 100).

The use of formulas of the type (16), (17), or (4) calls
for knowledge of the electron wave functions. K these
are known, one can subsequently choose any variant, It
can be noted that to calculate the contribution of the
electronic e level to (Olpo)ol on the basis of formulas of
the type (4), it suffices in practice to know the wave
function ¢g, and also go, at two values of Q; the use of
formulas (14), (16), etc. calls for knowledge of the wave
functions of an entire assembly of levels and a set of
hgg (i.e., no less an amount of information).

Summation over v in (4), (9), and (16) entails certain
difficulties, since it becomes necessary to take into ac-
count the contributions of a rather large number of sub-
levels. This has induced searches for more convenient
methods of calculation, with the sum over v replaced by
simpler expressions, or at least by other more advan-
tageous series. The proposed variants provide for
definite restrictions on the conditions and in most cases
are not suitable for resonance excitation.

One of the possible procedures is to substitute a cer-
tain "center of gravity' for an entire group of sublevels
that are arranged in sequence and produce contributions
of the same sign to « i For the RS line of the principal
tone (0 — 1) there are usually two such groups; thus, we

obtain two terms of opposite signs in place of an infinite .

series; they can be regarded as quantities proportional
to the polarizabilities of the molecule at two extremal
positions of the vibrating atoms 3, This procedure has
limited capabilities and cannot be used for excitation
near resonance at not too large a damping ('ye), and also
at small A,.
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Another method is to expand the tensor a (or its
part a&; which is connected with A) in powers of
(Vev )[46 5472 ,52 4,597 or (Vev Vev*)[n »33,37]  mha
matter reduces to an expansion of a frequency mu1t1p].1er
of each sublevel v followed by summation (in first order
in v); then according to[*®}, taking one electron level
into account, we have

) == const - Z (—1)" [ 0—1v)nﬂ + 0+v)n+1 JE (Veo —Veo)™ Agp Aok
n=0 (18)

The expansion for the RS lines 0 — 1 is limited inf*% to
the term with n = 1 (which corresponds approximately

to the use of the first method), and for the RS lines 0 — 2
it is limited to the term with n = 2.

In some simplest cases, the sum over v in (18) are
quite easy to obtain. Thus, for a harmonic oscillator,
ta.km% into account only one excitation level e and at w‘®

we have from **) for the RS lines 0 — 1 and 0 — 2
N Ve —Ver) A Aoy =0A/2Q; =V 2 dw,

D (Veo— Ve)? AorAua = A2V 2 Q4 =2V 2 02d2.

The analogous sum for the 1 — 2 line differs from the
sum for 0 — 1 by an additional factor v2.[%*) This me-
thod yields ultimately in[*®} expressions that are sim-
ilar, as suggested by the author, to the formulas of the
simplest variant of the semiclassical theory. Similar
expressions were obtained int*™J (formula (21a)). The
conditions w(€) # w'® are considered inf%3,

Accordmg tol*™]) the series (18) converges if
vw®)/ (v q—v) <0.5. According tol*®?, it converges
only if the atom oscillations are anharmonic in the
electron-excited state (when the sublevels come closer
together progressively with increasing v). It is there-
fore concluded in*®) that the convergence of the class-
ical-theory power-law series

a (Q) = ag + (00/0Q) Q@ - (1/2) (P/dQQ? - . . ., (19)

is also determined by the anharmonicity in the excited
state. Actually the series (19) converges much more
rapidly than (18); the reason is that o(Q) is expanded
about Q = 0, and this value corresponds to Vgy* and not
to Veo.

An expansion of the type (18) about the value Vey*
yields a rapidly converging series that agrees better
with the semiclassical theory. To determine oo far
from resonance it suffices then to have one term with
n =1 (or at most two terms withn =1andn = 3). To
attain such an accuracy with an expansion about v e0 it
would be necessary to have at least four terms.

A series expansion about v, was used in earlier
papers (see**), but the convergence was not consid-
ered. According to 33,81

(Mge)q (Mpe)s

(tpo)or == 2 {m*—lvn—il [QF (He+ Eg— vees)™ QJon + Gnqsy} .

n,q,8, ¢ (20)
Here (Moe)q and (Mpe)s are the q-th and s-th of the co-
efficients of an expansion of type (3) of the functions
M. (Q) and Mg(Q) in powers of Q, Hg is the operator of
nuclear motion in the electronic state e, and Gnqse
corresponds to the second term in the square brackets
of (1).

The retention of only three terms (n=q =0, s = 1;

n=s8=0,q=1, s=q =0, n=1)in the sum over n, s,

P. P. Shorygin 105



and q in (20) transforms (20) into an expression equiva-
lent to the simplest formula of the semiclassical theory,
in which the first derivatives of M, and v are retained
(see Chap. 5). Allowance for the next higher terms of
the series (20) corresponds to allowance for the higher
derivatives of Mg and v,.

An expression similar to (20), based on matrix ele-
ments of the momentum Sg (see page 102 above and**1),
is also connected definitely with the semiclassical-
theory formula containing Mg, but this connection is
more complicated. The latter is due to the fact that
there is no simple proportionality between the terms in
the aggregates of S, and Mg, there is no simple term-
by-term correspondence in the expansions of S5(Q) and
-Mg(Q), and the distribution of the contributions of the
electronic levels to %o is quite different in the two
variants.

Another way of eliminating the summation over v was
used in'**!. For the case of harmonic vibrations of the
nuclei and ©? = w(®), with allowance for the My(Q) de-
pendence for one level e, we have

1 1 2
dn= M D) (2% Ry (1, 215 — 20,

n={,

1 24 4+20,Qu (Zn +-1/2
GOIZWM: ‘2 y—f%_q%w—mex(z’ Z,+-2; —2d% etc;
n=1i, 2

here
Zi =0 veg —v 4+ (112) iy ), Zy = 07 (veo + ),

1F1 is a confluent hypergeometric function. It should be
noted that as a result of such transformations one infin-
ite series is replaced by other no less complicated ones;
furthermore, the convergence has not been thoroughly
investigated.

Tang and Albrecht!®"»®3 have considered ways of
eliminating the summation with respect to e and pro-
posed to expand the resonant denominators (1) for each
electronic level e (without allowance for the sublevels v)
in a power series about a certain mean value of the elec-
tronic-excitation energy, Eyys in analogy with the pro-
cedure used in{**! for individual v sublevels. They pro-
pose that a successful choice of Eyv makes it possible
to separate a small number of dominant terms in the re-
sultant series. In this variant the matrix elements of
the polarizability are constructed by using electronic
wave functions of only the ground state (¢o). However,
the convergence of the series is limited by very strin-
gent conditions, including the condition of very large
distance from resonance (larger than required for the
convergence of the series obtained for the frequency
multipliers of individual vibrational sublevels ev). The
entire series can be transformed in the adiabatic ap-
proximation into a series that corresponds in general to
the matrix element (ugo] apo(Q) [ugy). If only the first

two terms are retained in the series, it is possible to
change over to the derivative of the polarizability re-
ferred to the value v = 0;

(306pa/(70)o ~ 2 (apu)o [(0/60) (% | MpMu | (PO)]D ’([(PO | JWpMc | (PO)O]_I-

At v > 0, the possibility of limiting the series to two
terms becomes smaller even far from resonance.

It is obvious that the use of wave functions of only the
ground state cannot suffice for a description of the ag-
gregate of the experimental data on the intensity. Other
ways of simplifying formula (1) lead likewise to loss of
information in one form or another.
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To facilitate the description of the polarizability ten-
sor, it was subdivided into isotropie, anisotros)ic, and
antisymmetrical parts (for example, int4’® ®%) it was
separated into a part that can be described in the adia-
batic approximation and a remainder part (not specified
concretely by the authors)t**!, or was subdivided in ac-
cordance with the contributions of the ¢ and 7 elec-
trons %9731, For polyatomic molecules one frequently
uses an arbitrary subdivision of the polarizability tensor
into contributions of individual chemical bonds. This is
physically justified if the coupling between the electron
shells of individual fragments of the molecules is very
weak (cf.[s"]); the opposite case (strong coupling) was
treated on the basis of the model of a free electron in a
potential box.

Sushchinskif ™ separates from the polarizability
matrix element a component satisfying the condition of
Placzek’s "'polarizability theory" (the remainder is sub-
sequently designated R). The diagonal element is repre-
sented in the form

(@oo)or = % S udk l— 2\

oM (Q)
Ve— kv -+ (1/2) 7,

= S Whaao (Q) uewdQ + R,

Mae (Q)
VeV +(1/2) Y

] upwdQ+ R

where vg and y, are quantities averaged within the as-
sembly of sublevels v of one electron level. The re-
mainder R reflects the influence of the existing differen-
ces in Vey and 7qy which are not taken into account in
the principal part of the expression; at large distance

from resonance we have R ~ 0.

In the general case R is not concretely specified, but
in the case of sharp resonance with B)articipa.tion of only
one sublevel ev = er we have from[”

1§ wereflo, (Q) uby dQ § ulotloe (Q) uadQ

A= Vor —V—(1]2) Yoy

The contribution of the remaining ev sublevels is as-
sumed to satisfy the polarizability-theory conditions and
is taken into account by the function «,,(Q). However,
recognizing that a possible difference can exist in the
signs of the resonant denominators for different ev, we
can say that the value of vy at which the polarizability-
theory formula gives acceptable solutions depends
strongly on the frequency v of the incident light and can
go far beyond the limits of the real absorption band.

Concrete calculations of aq and @¢(Q) for certain very
simple molecules far from resonance were performed
many times; some comparisons are contained in[*"? %1,
The semiempirical calculations for complicated mole-
cules were based mainly on the elassical theory (Chap.
5).

Allowance for the rotational sublevels of the initial
(Jo), the intermediate (J;,4), and the final (J;) states
(including also the situation when > y ¢’ Where @ is
the rotational frequency), makes it possible to estimate
the intensities of the components of the rotational struc-
ture of the RS lines. Morozovi® notes that the contri-
bution of the sublevel ev of a diatomic molecule to oy,
consists of contributions (of equal sign) of two or three
rotational sublevels evJ; ;. According tol*J, Placzek’s
theorem stating that total RS line intensity is indepen-
dent of J, cannot be extended to the resonance region.
The Kramers-Heisenberg-Weisskopf formula is valid at
resonance for the O and S branches, since one intermed-
iate sublevel J;,; takes part here, but in the case of the
Q branch there are possible limitations if the off-diag-
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onal elements of the damping matrix are appreciable[*%),
Under ordinary conditions, the intensity of the light
scattered in the perpendicular direction, when the sam-
ple is illuminated with monochromatic natural light of
frequency v, is determined for the @, O, or S branch by
the formula

__ BJyWe+1)

I =const.exp ( T

) X Bl P4l et

™, Mg

[l

here B is the rotational constant (in em™); the indices
0, Jo, and mo determine the initial vibrational, rota-
tional, and magnetic quantum numbers, while k, J;, and
are the same for the final state. The formula des-
cribes scattering by diatomic molecules that are freely
oriented in space. The detailed data on the polarizability
matrix elements for the resonance region are given in
the original paper[®®,

The degree of depolarization as a function of J, was
considered int®’7, According to the semiclassical
theory under the conditions I' < Yev < Q, ""rotational
depolarization' is possible as the result of afterglow
elements in each cycle of molecule rotation (the unsteady
state of the electronic oscillator)'®*), The quantum and
semiclassical theories are generally in agreement in
the comparison of the selection rules for AJ outside and
inside the resonance region-2*’%,

In considering light scattering by isolated molecules,
we have confined ourselves to cases in which the initial
(0) and final (f) electron states of the molecule coincide
(f = 0). In the absolute case, the transitions from (1) to
(4), (9), (16), etc. cannot be realized; similar procedures
and an expansion of the type (13), but without allowance
for the v sublevels, lead in accordance with €8] {5 an
expression that, omitting certain details, is of the form

MpOeMUeD

Ve—V

Mpes (Maeshtoo+ Mosolse)

’

A(op5)00s a :<uihlu00>2 F(um| Q| uoo>z

Ve—V

here v, is the average frequency of the electronic tran-
sition 8 — e. The second term determines the scattering
intensity at f # 0 and k # 0. The principal part of the
"electronic Raman scattering,”" corresponding to f # 0,
is, however, not accompanied by a change in the vibra-
tional quantum number (k = 0), and is described by the
first term. Experience shows that electronic Raman
scattering is much less intense than ordinary RS (f = 0,
k = 1), and the scattering cross section is smaller by one
or two orders of magnitude. Cases have been noted in
which the scattering tensor (O‘pa)OO —fk is antisymme-
trical even far from resonancel®],

Interesting data on the influence of the magnetic field,
which leads to a splitting of the 0 and f levels and of the
electronic RS lines (the " Zeeman-Raman effect') were
obtained int®J,

The two-photon RS process relates electronic states
0 and f of like parity; this cannot be said of the three-
photon process and of scattering of the dipole-quadrupole
type (seel™),

In this case, if the intensity of the incident light is
very large, lines of frequency 2v + nw can appear in the
spectrum of the scattered light (the hyper-Raman
effect—HRE). Under ordinary conditions, their intensity
is exceedingly low (but proportional to the square of the
intensity of the incident light). It can be described with
the aid of a hyperpolarizability tensor (of third rank).

In the region where Placzek’s theory is applicable, the
hyperpolarizability g of the molecule is regarded as a
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function of the nuclear coordinate Q; then the matrix
element B, which determines the intensity of the
2v—kw emission line (the 00 — Ok transition) is

Bon == (oo | B (Q) | wor)-

Here B(Q) is expressed in terms of the matrix elements
of the moments of the electronic transitions, constructed
from the electronic wave functions ot™’ ™1,

A more general expression for the components of the
hyperpolarizability tensor can be obtained within the
framework of perturbation theory, when the wave func-
tion of the perturbations of the system is

R =, 4 Y (0 < a®) W
L4

and a{) reflects only the linear dependence on the ampli-
tude of the incident light wave, while a%) reflects the
quadratic dependence. In final analysis, according tol™
we have (without the indices po, and with the radiative
damping constants y)

) ; _
Bon = = Z [("Os ‘ijs’;iv)[:i‘rt[fv— Vo)

P, 8

Moo M oM o1

‘qOeﬁies‘Wsk }
1
C Toor T2V = t¥op) (Seh TV —TTa0)

(Vo == 2V — iYgs) (Voe — vV — V02)

In this formula M, y, and v are labeled by the two in-
dices of the combining levels. Unlike formula (1) for
o, We have here double summation over the levels of
the electronic excitation (e, s); appreciable contributions
are made to Bg only by those e and s levels which are
coupled to each other and to the initial and final states by
nonzero transition moments.

Further transformations of By with allowance for the
ev sublevels in the Born-Oppenheimer approximation
are effected in the same manner as the aq transforma-
tions (seel™), Imt®, gy, was determined on the basis
of an expansion of the type (13); a formula similar in
structure to (17) was obtained.

The selection rules for the change of the vibrational
quantum number in the HRE off resonance are the same
as in ordinary RS and 12v—2w < Isy_w < 12u<< I,.
However, the selection rules connected with symmetry
are essentially different' ™) and in HRE there is no
possibility of registering frequencies w_ that are not

observed either in the RS or in the IR spectra.

4. USE OF QUANTUM-ELECTRODYNAMICS
METHODS

A consistent application of the methods of quantum
mechanies to the analysis of the transformation of light
by molecules includes quantization of the radiation field.
When the nonstationary processes of photon absorption
and emission are considered, one usually starts with a
system of equations for the time variation of the proba-
bility amplitudes b, of the state ¢, (m and n are quantum

numbers of the system):
itby (8) = 2 by (£) Ve, (21)

where V is the operator of the field-molecule interaction

~energy. Solution of the system of equations by perturba-

tion theory (without allowance for damping) under the
initial conditions bo(0) = 1 and by, (0) = 0 (at all m # 0)
makes it possible to determine in general form the prob-
ability of absorption and emission of light by the mole-
cule (but not the radiative width).
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A solution of the system (21) with the cited initial
conditions which is valid also whent > Te Was given at
one time by Weisskopf. It was obtained more rigorously
by Heitler and Ma by representing the nonstationary so-
lution of the Schrddinger equation in terms of a super-
position of stationary solutions. Thus, the transforma-
tion of light by a molecule with two energy levels was
considered in a closed system at t = « (the last condi-
tion determines the possibility of describing the line
contour, but not the intensity). The solution was extended

nL™J to the model of a molecule with three energy
levels and int? to a system with an arbitrary number
of levels. In different variants, the problem was consid-
ered also in[!%®:7:%]  anq also in'** and'*"?3, which
were cited in Chap. 3.

Apanasevich[™ considered the stationary regime of
transformation of light in an unclosed system, which has
a less artificial character (although it has not yet been
fully developed); it was assumed that the state of the
radiation field and the probabilities of finding a mole-
cule in some particular state did not depend on the time,
and that the number of photons transformed by the mole-
cule is proportional to the time. A constant field of the
incident light is ensured by using an extraneous light
source. The behavior of such an "unclosed" system is
described by a system of equations that differ somewhat
from (21); the probability amplitudes for the state of the
incident light and of the molecule in the ground state are
assumed to be constant. The principal results of L™
agree with Weisskopf’s formula.

The solution given by Weisskopf corresponds to con-
ditions when different excitation levels are not coupled
by the radiation field'*®J, In the presence of such a
coupling between quantum-system states that decay at
different rates (or coupling between differently damped
vibrations of the classical system), the subdivision of
the overall process into independent decays of individual
levels (or vibrations) is impossible. Diagonalization of
the Hamiltonian of the molecule (or separation of the
normal vibrations) then leads to the appearance of off-
diagonal elements of the damping matrix. The decay of
the system differs in this case from exponential, and the
corresponding spectral lines have an anomalous form,
which may affect also the dependence of the intensity I(v)
of the secondary-emission line on the frequency of the
exciting light in the resonance region (seel” ™}, and
also Chap. 7).

The introduction of off-diagonal elements y extends
the possibilities of investigating the transformation of
light in systems in which the energy levels are coupled
by external forces (anticrossm% of levels; coupled
vibrations) or an external field . It is no less inter-
estin, to describe the secondary-emission intensity
beats-®'1, the appearance of a gap in the absorption band
(tra,nsparency lines) due to mixing of states in vibronic,
Coriolis, or spin-orbit coupling.

In those cases when the excitation-level interaction
mechanism is known, the method of Heitler and Ma with
allowance for the off-diagonal elements of y leads to the
same result as the Fano method of configuration mix-
ing'™ and a few other procedures.

The solution of system (21) is expressed in terms of
matrix elements V, which determine the probability of
the transition of the "molecule + radiation field" system
from one state to another. By starting from a system of
equations that determine V, we can obtain b (t) for any
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time t. The most interesting are the solutions for t in
the range i /(E, — Eo) < t < 70, where 7, is the lifetime
of the initial state of the system. The probability of the
transition 0 — n per unit time is in this case

(@d) | b, (9 2 = @n/a) |77, |28 (B, — Eo)y 22)

where E is the energy of the entire system and E is the
energy of the molecule.

Formulas such as (22) lead to solutions that can be
regarded as generalizations of the expressions obtained
on the basis of the Kramers-Heisenberg-Weisskopf
formula (1) to include the case when off-diagonal ele-
ments of the damping matrix, which are important in the
resonance region, are taken into account. If the latter
are small (and in any case off resonance), it suffices to
use in place of the complete system of equations for V
only a set, corresponding to formula (1), of independent
equations for individual intermediate levels e. In this
case, for example, V reflects the absorption of vir-
tual photons that appear as a result of 1 — 0 transitions,
whereas in the complete system V_. 1 reflects absorp-
tion of the photons that appear in the transitions 1 — 0
and 2 — 029

The description of the transformation of light by the
method of Heitler and Ma at 7, <t < 74 is equivalent
to describing the processes in the unclosed system in
accordance witht™, The solution of the problem at
Te Kt K 7oand at t = « leads to identical results with
respect to the contours, accurate to y, There are sim-
ple relations between the solutions of the two variants.
Thus, the probability of the appearance of a secondary
photon ¢ per unit time at t < 7, is determined by the
probability of absorption of a photon of incident light A
during the same time, multiplied by the probability that
the secondary-emission photon is of the type o if it is
certain that transformation of one photon of type A has
taken place (i.e., at t = =),

The complete expressions for the displaced and un-
displaced scattering line intensities for the model of a
molecule with one intermediate level e are given
in[?*'™] When two intermediate levels are taken into
account (e =1 and 2), and if their interaction is in ac-
cordance with'**?, we have

lopodon 12 = F | (Mp)ar 12 [(ab + 1) z — 112,

(23)
where
Fl=— 10 (vgn—vl {L412 dr—

Va0 Vosr 2
T (@b
+Hr—1) vz 0+ T28) "“x('Yl—»()‘f“'Yl—»k)]z} )

2= (= V)/(Ve—v),  a=(Mo)oo/(Moos, b= (M )/ (Mp)ar;
Ye — 0 and y,_, ) correspond to the half-widths of the
lines of the spontaneous transitions e — 0 and e — Kk,
while v, and w are the frequencies of the transition
e —0and k — 0.

Formula (23) near resonance gives a larger deviation
from the Kramers-Heisenberg-Weisskopf formula the
closer v is to the resonance point, the more the overlap
of the intermediate levels, and the larger the quantlty

a.’}/z_.k +b’}/2__,0.

In connection with the foregoing, we call attention to
the fact that most experimental data on the I(v) depen-
dence pertain to systems with continuous absorption
bands, 0 — e, in which the components of the vibrational
and rotational sublevels overlap to a large degree; in
this case it may not be possible to satisfy in the reson-
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ance region the conditions under which the Kramers-
Heisenberg-Weisskopf formula and all the variants that
reduce to it or contain additional assumptions or simpli-
fications can be used.

In'%) the scheme described above is extended to
include systems in which nonradiative transitions are
possible, particularly transitions of the type of predis-
sociation from the electron-excited state e to another
state (j) characterized by a larger energy-level width
(under conditions when two e sublevels overlap the level
j). In place of the radiative-damping constant, the solu-
tions contain resultant constants that reflect the proba-
bilities of the nonradiative transitions.

Sushchinskii [ has considered the scattering of light
by a molecule with any number of intermediate levels,
using the notion of quasistationary energy levels and
basing himself on perturbation theory for the transitions
between degenerate states of the "molecule + radiation
field" system. The damping was taken into account by
introducing into the Hamiltonian an additional non-
Hermitian "damping operator' (without off-diagonal
elements). The dependence of the perturbation operator
on the time was practically disregarded.

According tol ™, the probability amplitude for finding
the system in the state k is

b (0 =8 (0) + bSO + b (@) (24)

bﬁir (t) is determined by the direct transitions 0 — k,

bﬁs(t) is determined by transitions via intermediate
states e in scattering, and bEF(t) is the same for reson-
ance fluorescence. The squares of the moduli of each of
the three function in the right-hand side of (24) are re-
garded as probabilities of the transitions 0 — k after a
time t via the corresponding mode (this is possible when
7o Kt K 7); cf. formula (22). The function |by(t)[®
contains also mixed terms, including bl;RS(t)bEF(t), which

according to (7) should describe simultaneous excitation
of RS and resonance fluorescence. Since, however, the
function [bk(t)l2 are connected with the transformation of
one photon, the mixed term can be interpreted more
readily as a correction to the description of the secon-
dary emission in the form of a combination of typical
"RS" and ‘'resonance fluorescence.,'

The general formula for the transition probability[™
reflects the correlations in the distribution of the pho-
tons of the incident and scattered radiation over the
frequencies, angles, and polarizations. The time de-
pendence of the probability of conversion of the photon A
into a scattered-light photon o’ in the frequency interval
dy, in a closed system is expressed by the factor Fi(t).
When yq > 9 > T > yowe have

F, (¢ o LFexp(-—yat) —2exp[—1/2) yat —(1/2) I't] cos at
w (f) == P :

where a characterizes a point on the contour of the
Stokes RS line (a = 0 at the maximum). The factor F (t)
contains terms that attenuate with time and oscillate.

To calculate the real intensity, the conditions Tpes T, <t
< 7o are considered (this is not equivalent to the a.f%re-
mentioned conditions for by (t)!). Then exp (~yxt)~ 0 and
Fi(t) no longer depends ont (see the interpretation
in[®%3) and when Yk 2 T it reduces to a convolution of
the contours of the exciting line and of the "true'" con-
tour of the RS line (which depends in final analysis on
Ykt Vo)
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The probability WRF of the 0 — e — k transition via
an intermediate resonant level e in resonance fluores-
. s [7] . . >
cence was considered in assuming arbitrary y, (£ T)
(c£.P*1). If v is close to v} at yg > ¥, we have in the
time interval from Otot (t < Tk) and in the frequency
interval dv,’

-RF r 121 AT exp (— Yrt) +exp ( —gt) — 2 exp (— y.#/2) cos 2t
W R = const| My [P | M 2 § S2L0RD e‘p(zgze(f/,/‘)yz XD L Yel/2) )
e

where S is the convolution of the contours of the exciting
line and of the absorption line 0 — e (it is maximal if

v = u;); the quantity z characterizes a point on the con-
tour of the fluorescence band (z = 0 at the maximum).

In most studies, no allowance was made for the field-
component phase correlations. Allowance for these
correlations is of great importance, for example, in the
study of intensity beats of spontaneous-emission (on
going from a superposition excited state) and of secon-
dary emission (when a field with definite phase correla-
tions acts). An exposition within the framework of quan-
tum electrodynamics is given, in particular, in e " 1n
the simplest case, the secondary-emission photons are
described by superposition wave functions with the same
initial-phase difference as the exciting-light photons; a
correspondence is observed with the description of the
phenomenon in classical theory[m .

On the whole, it can be noted that the analysis of
secondary emission on the basis of quantum electro-
dynamics is more consistent. It extends the possibility
of studying line contours and can be regarded as a fur-
ther justification of the simpler methods of studying the
intensity.

5. DEVELOPMENT OF THE CLIASSICAL
THEORY OF RAMAN SCATTERING

The usual conditions for the excitation of RS far from
resonance have made it possible to make extensive use
of the simplest variant of classical theory. This variant
regards oscillations u (t) of the dipole, produced by
polarization of the electron shell of the molecule by the
field of a monochromatic light wave as the steady-state
oscillations (see[??J). The oscillation amplitude i (t) is
modulated by the vibrations of the atoms (without a
phase shift). The line intensity of the first-order RS is
determined by the modulation depth, which is propor-
tional to (8 a/an)Qa, o’ here ¢ is the polarizability of

the molecule, is the p-th normal coordinate describ-

ing the vibration of the atoms, and Qq P is the corre~
sponding amplitude. ’

In the semiclassical theory, the derivative 8a/8q of
the polarizability is determined by the sum of the con-
tributions of the electronic-excitation levels[#°74],
These contributions depend on the dipole-moment matrix
elements Moe of the transitions 0 — e, or, in another
variant'®J “on the corresponding Cartesian component
of the oscillator strength f,. The second variant leads
to more compact expressions, which will be presented
below. The component f, represents all the components
of the vibrational structure of the 0 — e absorption band;
1o(Q) is assumed to be proportional to vg (Q)Mfa(Q), but
the possibility of imitating £5(Q) by an arbitrary depen-
dence of £, on Ag is not excluded (integration with
respect to Q is also implied).

We then have for one Cartesian component[58>5]
et )

fe
B0 2nme12 ( Vv fivy,

”

2feVev, J

@5)

: t
(Ve vz — ivy,)?
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= 2nme) &= L VI—V2- vy, T (v —v2 4 ivy)?

2fev? 3V 4 vE—ivye) -
= J

T T
(26)

The primes denote derivatives with respect to Q at
Q=0; v, = Vg corresponds to the maximum of the ab-
sorption%and (£.[3*)] where a correspondence to the
00 — 0 frequency is proposed, and also[®7),

Similar expressions are obtained if the procedure is
based on separating terms containing the derivatives of
M, and vg. The contribution of each electronic level to
8 a/9Q does not depend on the choice between these two
variants, but the relative role of the two terms (of which
each such contribution in (25) is made up) depends to a
certain degree on this choicet**1, The off-diagonal ele-
ments can be expressed b% the same methods (see, for
example, formula (7) inl®t ). Different ways of justifying
(25) are described in[*9,62,%%3,

The role of the vibrational sublevels (ev) in semi-
classical theory is represented not as the summation of
the contributions with the corresponding resonance de-
nominators, but as differentiation of v, with respect to
Q. The latter corresponds to the known simplifications
of the ev system and to a replacement of definite groups
of neighboring sublevels by certain "centers of gravity,"
which is permissible far from resonance (see Chap. 3).
The derivative v'e depends on the change () of the
equilibrium value of Q following electronic excitation(*?,

According to (25) and (26), the existence of Raman
scattering is determined by two factors: the dependence
on the nuclear coordinate M, (or f,), and v, (cf. Chap.
3). Most authors are of the opinion that the dependence
of vy on Q is of primary significance for RS lines of
fully-symmetrical vibrations in the case of excitation
not too far from resonancel®:2°73:4:81. this js con-
firmed, in particular, by experimental data on the func-
tion I(v)L%:%87:88] anq by an analysis of the vibrational
structure of the absorption band of the 0 — e transi-
tions[*®:%¥1 (cf., however, [72%6:90°%25178]). caleulation
data for H; far from resonance are given inf%%,

For antisymmetrical vibrations we have (3vg/8Qag)g
= 0 (cf.t®)). This holds true in the presence of a coup-~
ling between the electron shells of identical fragments of
a symmetrical molecule. K the coupling is very weak,
then each of these fragments can be assigned its own
local electronic transition frequency vg. Mixing of the
electronic wave functions of the fragments can then be
admitted only at Qas ~ 0. Under definite conditions, one
can introduce derivatives of v, with respect to the local
nuclear coordinates (within the limits of the fragment).

Tingt®J, assuming Mg (Q) = const and dvg /6Qyg = 0,
reached the conclusion that the as-vibration lines in the
Born-Oppenheimer approximation should be excluded
completely by the selection rules. Observation of these
lines in experiments is attributed to the influence of the
intermolecular interaction and to the coupling between
the electron-excitation level, which depends on the
nuclear coordinates (hgg; see Chap. 3).

It was noted in[® that these conclusions are in-
correct. The assumption hgg # 0, generally speaking,
contradicts the assumption M, (Q) = const. Further, even
a simple additive scheme using the concept of aniso-
tropic polarizability of chemical bonds points to an ap-
preciable intensity of the as-vibration lines, say of
molecules with Cg,, symmetry (although not for all
orientations of the molecule relative to the polarization
plane of the incident light). Additivity of the increments
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of the polarizability (a’) of chemical bonds presupposes
independence of the electron shells of the individual
chemical bonds in a polyatomic molecule; under these
conditions, additivity makes it possible to estimate (in
qualitative agreement with experiment) the intensity
ratio of the antisymmetrical and symmetrical vibration
RS lines, I, / %, as a function of the mutual spatial
arrangemen% of the fragments (cf.[¥"® ®1), The source
of the derivatives of the polarizability is not specified
concretely; it may be connected either with My (Q) or
with 15 (Q).

If the electronic oscillators ascribed to symmetrical-
molecule fragments of the same type are coupled, and if
it can be assumed that (dvg /aQas)O = 0 for the nonlocal
levels of the electronic excitations (for the splitting com-
components of the "local" levels), then the Q, oscilla-
tion at h,g # 0 (see formula (13)) can lead to inversion of

the contributions made to the polarizability by the indi-
cated fragments and to oscillations of the polarization of
the possible electronic transition. We then have

L /6Qqg # 0 for definite off-diagonal elements

(¢£.1%%3). In general one cannot exclude I__ # 0 both in
the absence and in the presence of a cou;?ﬁng between
the molecule fragments. As a rule, however, L, <1
(but this can still not be regarded as proof that the
factor 9, /6Q predominates; cf.[*’®J). According

tol%7® %] the change of symmetry of the molecule fol-
lowing electronic excitation and the lifting of the degen-
eracy of the electronic states by the Qa. oscillations
should favor an increase of L, particufarly in the
resonance regiont™J,

An analysis of formulas (25) and (26) leads to the
conclusion that only amplitude modulation of the v (t)
oscillations takes place off resonance, and in the reson-
ance region there is also phase modulation®], Figure 4
illustrates the changes in the complex polarizability for
nuclear vibrations following excitation in the region of
the center of the continuous absorption band at yo > w
and Ag # 0. The figure shows in the complex plane the
values of @ for the equilibrium value (AB) and for the
two extremal values of the oscillating coordinate Q
(AC and AD). The vector DC is the difference between
the values of « at the two extremal positions of the
nuclei, and determines I,. The vector EB, roughly
speaking, corresponds to the quantity o”Q? and deter-
mines the intensity I, of the first overtonelsl,

In the general case, the spectrum of the oscillations
of the induced moment is determined by a series that
describes the undisplaced scattering and a sequence of
Stokes (St) and anti-Stokes (A) components:

w0 = po () + wepr (O + par (O - B () + - -
In the adiabatic approximation at y, > w we have

“p%f}&rslalcos(vz——mo)+%|a”|Qgcos(vt_%)+ 0
&%S%Ia'l()acos[(v—w)z_(m_k |

F g @ [Q2cos[(v—@) t—qq] + ..., If @7)
Ll 2 || Q2 cos[(v—20) t— sl + - |

here E, is the incident-light electric-field intensity
oscillation amplitude. Under resonance conditions ¢,

= @2 = 7/2 and @17 far from resonance all the ¢ are
equal to zero[®J,

The intensity of the undisplaced line in the scattering
spectrum (for a single molecule) is thus determined by
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FIG. 4. Complex values of « at
equilibrium and at the two extremal
positions of vibrating nuclei at v =
viandy, > w.

the polarizability at Q = 0 and by the even derivatives
of w, the intensity of the first-order RS line is deter-
mined by the aggregate of the other derivatives,

etc. (%991 The contribution of the higher derivatives
increases when resonance is approached.

If we assume Q, = 2Q,, then (30/AQ)Q, = aq far from
resonance, and both the classical and quantum theories
lead to the same values of the RS Stokes line intensity,
although some discrepancy is obtained in the values of
the summary intensity I, + I, +1 (e2]

v V—w V+w

The validity of the aforementioned variant of the
classical theory is restricted by the requirement that
the nuclear vibration amplitude not exceed the con-
vergence radius R of the series (19). For a diatomic
molecule at w® ~ () we have

R=(hlk|Ae]) [ — W)+ (1/4) ¥3)' 7 + (1/2) | A |

At |Ag] = Q,, the series (19) converges at any fre-
quency of the incident light outside the absorption band.
The convergence radius decreases, however, as reson-
ance is approached and reaches a minimum at v = v*;
in this case R is proportional to y,la,|™, and the
series (19) converges (albeit relatively slowly) if
Ye - 2kw. In the opposite case, the series diverges
and the simplest model of the classical theory is cer-
tainly unsuitable (%7, See alsol®’°"] concerning limita-
tions that arise in the estimate of the overtone intensity.

The limitations on the use of a power-series expan-
sion of ¢(Q) have stimulated the use of a direct expan-
sion of the induced moment u (t) in a Fourier series in
harmonics with frequencies v + nw, which is possible in
principle, even if the power series diverges.

Assuming that the frequency v (Q) of the electronic
oscillator is modulated by the vibrations of the atoms

and that |a(t)] = a, + Elan cos nwt, Krushinskiil**»*®’

n =
obtained, on the basis of the dispersion formula for the
polarizability, expressions for the coefficients aj of the
Fourier expansion of a(t); these coefficients reflect the
elements of the amplitude and phase modulation of w(t).
The squares of the coefficients determine the intensities
of the corresponding lines in the scattering spectrum. In
nonresonant region, each such coefficient corresponds
to a sum of terms obtained from the power series in
formulas (27), and consequently includes the contribu-
tions of the higher terms of the expansion of a(Q) (which
become more appreciable as the resonance region is
approached). Off resonance, at £5(Q) = const and w(®)
= w'”? we have

b

_ &fe [ve—v]

L7 2myvne { [(ve — v)2 — n2w2]1/2 -
kw characterizes the depth of modulation of vg; for a
diatomic molecule (nuclear coordinate q, amplitude qa)
we have

VeV

a 73
((ve v —w2a?] >

O = A1 KAq, = (0v./0) q,.
The cited formulas of the classical theory are based
in one form or another on a "'quasistatic approximation"
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(adiabatic slow variation of the parameters of the elec-
tronic oscillator and vibrations in the steady state),
when the polarizability is regarded as a function of Q.
In the resonance region, this approximation is suitable
only at very large damping yo!*

In the general case, account is taken also of the tran-
sient processes occurring when the parameters of the
oscillator are altered through a change of Q. This can
be done in accordance with™* in the solution of Hill’s
equation; for a one-dimensional oscillator we have

(28)
where x is the electron coordinate and vg(t) is the in-

stantaneous value of the electron natural-oscillation
frequency.

T e (1) 2 V2 (t) 2= (eat/mer) Ea cOSVE

Equation (28) contains one frequency vg; generaliza-
tion to other cases entails no difficulty, In the region of
stable solutions of (28), the particular integral used to
describe the induced oscillations of the oscillator is a
bounded periodic function of the second kind; it can be
represented in the form of a product of two factors, one
of which varies in time with frequeney v, and the other
contains an aggregate of harmonic components with fre-
quencies nw,

I o, #0and vy(t) ~ v% — K cos wt, then a solution

of (28) is obtained in a rather simple form if y4(q)

= const, f4(q) = const, and w(8) = W@ =, These condi-
tions are not obligatory in principle, but they do simplify
the solutions and make it possible to focus attention on
the most interesting aspects. In this case the amplitude
of the induced oscillations corresponding to the lines

v —nw is

e <

p *
2myvE

2 ( T (%) T g (#) -
s E—mwy—v—(1/2) iy,

M= — 00

ap =

S (0 I () }
(VF—moy v (1,2) iy, |7

(29)
where J Z(K } is a Bessel function of the first kind of
order z, and kK (see above) is the index of the modulation
of the frequency vg. Roughly speaking, k determines the
number of components of the vibrational structure of
the 0 — e absorption band within the limits of the "half-
width" of the ev component system (cf. Chap. 3). As
shown int**1, the sums over m in (29) can be replaced
by certain integral representations.

Formulas of the type (29) are similar to the quantum-
theory formulas of type (9). The Bessel functions are
here the analogs of the overlap integrals of the nuclear
wave functions (at least at small values of «); for exam-
ple,

0

2 J?n(“)il, E Jm(x)-lmﬂ(“):o

in analogy with formulas (11)**3. The product of the
overlap integrals Ag Ay and the product Jp, (), 4 hK)

of the Bessel functions, in accordance with' 2, can be
represented in the form of very similar series. The
most complete correspondence between these series and
the estimates of the Stokes-line intensity I, is obtained
if one assumes Q, = 2Q,. This requires, however, a
different normalization for the overtones, one dependent
on the order of the overtone. It should also be added that
the summation over m in (29) corresponds to summation
over v in (9).

Formula (29) is sufficient in practice for a descrip-
tion of secondary emission following excitation with
quasimonochromatic light. In'**] they consider a more
general case and the action of the field of a time-damped
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light wave, obtained solutions that include both natural
oscillations x,(t) and induced oscillations x,(t) and de-
termined the conditions under which partial or complete
separation of these oscillations is meaningful. In addi-
tion, the problem is extended to include polyatomic
molecules with several degrees of freedom for the vi-
brating atoms, and also to systems with anharmonic vi-
brations of the nuclei and with a linear dependence of
Ve(Q)- A characteristic feature of the obtained solutions
is the presence in the resonance denominators of terms
of the type i(yg —T'). This results in a similarity with
the Breit formula (see page 102), but the general solu-
tion of the equation of motion of the electron x(t) = xo(t)
+ x,(t) describes a larger group of optical phenomena.

An analysis of the obtained solutions shows that in
the absence of external forces the emission spectrum
should represent a series of bands of almost dispersion
shape, of width y, with maxima near the frequencies
v+ > mpwp, where mp are series of integers; the

amplitudes of the corresponding Fourier components
are proportional to IT J,, (Kp). When an external field is
p

applied, the motion of the electron is described by the
function x(t) = xo(t) + x,(t), and the emission spectrum is
determined by the squares of the modulus of the Fourier

o]
integral f x(t)emtdt for all frequencies u. Off reson-

0
ance, the spectrum x(t) can be regarded approximately
as the sum of the spectra xo(t) + x4(t). The spectrum x,(t)
consists of a number of bands (including overtones and
compound tones), which duplicate approximately the form
of the exciting line. Their maxima lie approximately

near the frequencies v + 2 np@p and the Fourier-com-

ponent amplitudes off resonance decrease rapidly with
increasing n_. The overtones and the composite tones
can appear in the spectra even if v, varies sinusoidally.
The intensity of each line is proportional to the initial
amplitude of the corresponding Fourier component of the
electron oscillation. The initial oscillation amplitude
corresponding to a composite tone is proportional to the
product of the initial oscillation amplitudes correspond-
ing to the fundamental tones whose frequencies make up
the frequency of the composite tone.

The condition T' > y4 or T' < y4 usually makes it
possible to restrict the analysis to either xo(t) or x,(t).
This cannot be done, however, if " and Y ar€ commen-
surate, and particularly in the resonance region. A
separate analysis of the spectra of the ''natural’’ and
"induced' oscillations is meaningful in those cases (in
those frequency regions) where these spectra do not
overlap.

If the incident-light frequency v is close to the fre-
quency of one of the components of the vibrational struc-
ture of the 0 — e absorption band (we shall denote it by
vd + rw, where the integer r is the "number" of the
resonance sublevel), then x,(t) predominates in general
in the sum X,(t) + x,(t) at ' > w > y, and small |r|,
but the share of x,(t) differs strongly in different bands
of the emission structure spectrum. If |r| and l'ye -T|
are sufficiently large, then the spectra xo(t) and x;(t) do
not overlap in practice, but when I" = vy, their separa-
tion is meaningless in most cases.

At T' = y, and at minimal values of [r|, the secondary
emission is close in its character to resonance fluores-
cence and includes the afterglow. At larger |r{ it be-
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comes more similar to the nonresonant scattering, and
at r > K(w/yg)"” the component v} + rw = v predomin-
ates strongly. When I' ® y, > w the spectrum of the
resonant radiation should have the form of a broad
structureless band in the region of the frequencies of
the incident light. At T = yo < w and small |r|, it
should havea vibrational structure similar to that of the
absorption band?®,

I Yeand I’ differ strongly, then the spectra x,(t) and
x,(t) can be separated in the emission spectrum. In the
particular case when w exceeds y, and I, the spectrum
X,(t) can contain a series of lines (bands) v + nw, among
which the undisplaced component v predominates, while
the spectrum x(t) can contain a series of lines v* + mw.
The larger T', v, ITl, and &, the less intense the
secondary emission and all its components. The larger
Ve /@, ye/r, and |r|, the larger the fraction of the un-
displaced component with frequency v in the spectrum
x,(t) (this component should predominate strongly at
large yo/w). In the spectrum x(t), the intensity distri-
bution among the components depends, naturally, only on
the parameters of the oscillator itself, primarily on the
modulation index «; at small «, the most intense com-
ponent is vX. £zs]

The half-width of the components is close to T in the
spectrum x; and close to y, in the spectrum xo. Accord-
ingly, the absorption and natural emission spectra have
a pronounced vibrational structure v* + mw at v, <w
and have the form of a broad structureless band at
yYe - w. The spectrum of the induced emission has a
structure at w > I and its structureless at w < y¢, T
Cases when one part of the emission spectrum (for ex-
ample, the part corresponding to x,) has a vibrational
structure while the other is structureless are perfectly
feasible.

Thus, depending on the spectral composition of the
incident light and on the properties of the oscillator, the
secondary emission can have typical features of the
scattering of light, of resonance fluorescence, of emis-
sion of the intermediate type, or else combine one of
these types in one part of the spectrum with another type
in another part of the spectrum.

Within the framework of the description of the be-
havior of a compound oscillator in a time scan at w > yq
>T, the frequency v is modulated by the vibrations of
the nuclei and approaches periodically the frequency v of
the incident light. During the time when the frequency vg
is closest to resonance, the amplitude of the electron os-
oscillation increases, and during the succeeding period of
time it again decreases (but unevenly, with beats). In the
repeated approach to resonance, the amplitude is still
large enough. Depending on the frequency v, the new
period of excitation can give rise to oscillations that
coincide in phase with those remaining from the pre-
ceding period of the excitation (and then the amplitude
continues to grow), or quenching of the oscillations can
occur. These circumstances cause the appearance of
maxima and minima, i.e., the vibrational structure of
the absorption band and of the natural emission band. If
Ye -> w, then the electron oscillations have time to be
almost completely damped during one period of the
nuclear vibration, and no superposition of the "excita-
tion waves' occurs-?*-,

According to?¥, the intensity of the entire emission
spectrum, recorded for a large number of molecules
under stationary illumination at resonance with any of
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the components v* + mw, is proportional to the absorbed
energy and to the fraction of energy lost in the form of
secondary emission, i.e., v, /ye. The absorbed and
emitted energies are larger the smaller the values of
T'/7es Ye/w, and r|. At r = 0 this energy is smaller the
larger the depth of modulation ve(t), and the opposite
holds true at r # 0.

The cited data and conclusions show that if one
forgoes some of the simplifications of the model, the
classical theory yields rather abundant and interesting
information on the character of the secondary emission
in the spectral and time scans, on the phase correlations
between the oscillations in different parts of the
emission-band contour, on the energy balance, etc. The
qualitative conclusions concerning the energy distribu-
tion in the spectrum are in agreement with the conclu-
sions of the quantum theory; certain discrepancies in
the quantitative estimates are due partly to the remain-
ing elements of the simplifications and partly to funda-
mental limitations.

The model of an oscillator with periodically varying
rigidity is adequate under certain conditions for the
analysis of electron-vibrational motion in a molecule in
the quasiclassical approximation of quantum mechanics.
The motion of the electron along a trajectory in an
effective field with a potential that depends parametric-
ally on g can be described as a nonstationary state made
up of a superposition of stationary states. Then the
equation describing the motion of the "center of gravity"
of the electronic wave packet takes the form

(dZEaV/dtz) + vi ((]) Eav: 0, (30)

where £__ is the average value of the electron coordin-
ate(**], ¥ it is assumed that the nuclei execute harmonic
oscillations, i.e., are in a superposition state construc-
ted of stationary wave functions of the harmonic oscilla~
tor, then (30) coincides with the classical equation for
free parametric oscillations of the coordinate .

The classical theory of RS developed in the present
chapter does not provide for energy transfer from one
degree of freedom to another. Such a transfer can be
considered within the framework of the system of equa-
tions determining the motion of the electron and of the
nuclei: ’

@31

where vg(q), w(x), and F(x) are functions that determine
the connection between the motions of the nuclei (q) and
of the electron (x). It is possible to represent in this
manner the excitation of nuclear vibrations in which the
average value of the nuclear coordinate is changed by
the action of the light-wave field on the electronic os-
cillator, the subsequent loss of the nuclear vibration
energy, and a transition to free damped oscillations of
the electron (i.e., to fluorescence)(*?,

Tipa V@) —(eame) E(1), 4+ Vad+ 0 (2) g F (2),

Lugovol [°®7 uses for the description of the RS
phenomenon the equation of motion of nuclei acted upon
by an external force due to the field of the incident light,
under conditions when the polarizability of the molecule
depends on q; the equation for a diatomic molecule is

'l]. ‘& Va'ré + ‘”2(1 = 1r/l‘lat (aa-/aq) '627 (32)

where L, is the reduced mass of the vibrating atoms,
E is the intensity of the external field, and y,; is the
damping constant of the atom vibrations. The additional
dipole moment induced in the molecule by the external
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field when the nuclei are displaced from the equilibrium
position is given in the linear approximation in q by

P = (9aldg) qE. (33)

Lugovol [ considers the action of a biharmonic
field, one component of which (with frequency v) is pro-
duced by an external light source, and the other (with
frequency v — w) is produced by surrounding molecules
of the same type or has the character of zero-point os-
cillations in space. The former case corresponds to
conditions when stimulated RS occurs, and the second
corresponds according to[®? to the onset of ordinary
RS. In accordance with the material equation (32), the
molecule absorbs field energy of frequency v and pro-
duces secondary emission containing the frequency v — w.
It should be noted that the resultant oscillation of the
indicated biharmonic field (and of the external force in
the right-hand side of (32)) can be described as an os-
cillation with beats of frequency w; it is therefore
capable, in accordance with (32), of giving rise to vibra-
tions of the atoms.

According to (32) and (33), the steady-state energy of
radiation with frequency v — w is proportional to the
squares of the amplitudes of the field oscillations of
both modes (v and v — w). By determining the amplitude
E, in terms of the intensity of the incident light and the
amplitude E,, _, in terms of the energy of the zero-point
field oscillations, Lugovoi[®®) obtained for I, an ex-
pression equivalent to Placzek’s formula. Thus, allow-
ance for the component of the external field v — w in the
considered approximation does not change the results
and has a formal character. However, the entire scheme
as a whole is of interest, since it brings closer together
the methods of describing ordinary and stimulated RS.

A model of two oscillators (electronic and nuclear)
coupled via a purely anharmonic element of the type
(x +q)° was proposed in ®®1, The oscillations of q at a
given temperature are described on the basis of the
fluctuation-dissipation theorem. Solution of a system of
equations similar to (31) determines the response of the
scattering system; resonance points at v = ve and v = vg
+ w are obtained for the Stokes RS line, just as in ac-
cordance with the Loudon formula.

In concluding this section we note that the simplest
variant of the classical theory was used extensively to
analyze data on the intensity of the RS lines of poly-
atomic molecules, on the basis of an additive scheme in
which individual chemical bonds were ascribed definite
polarizability increments. Details concerning the calcu-
lation methods, together with examples, are contained,
in particular in the book!®} (Secs. 48—49) and in
the 190,101,189 " The indicated increments have an arbi-
trary character, since in real polyatomic molecules the
electronic excitation is usually nonloeall®::®] 18]
(Sec. 5) it is noted that the derivative of the polarizabil-
ity of the molecule with respect to the normal coordinate
(8/6Q) can be resolved in terms of the derivatives with
respect to the natural coordinates (8 a/aqi) without fur-
ther separation of the polarizability with respect to the
individual chemical bonds.

The relations between the derivatives 8a/2q and the
character of the chemical bond are discussed inf®71°13,
A comparison of the derivatives 0 a/8q for different types
of chemical bonds, calculated from the experimental
data (far from resonance) for numerocus simple mole-
cules, can be found inl®:°:%7:1%] and 3 comparison with
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the conjugation conditions can be found in[®7%71%]. gee
also 1891

For practical experimental determination of the der-
ivatives o« G/BQ and the symmetry of the scattering
tensor, one uses suitable intensity standards. Measure-
ments of the intensity and polarization of the lines can
be supplemented in this case by information on the scat-
tering indicatrixt'®J and-the line contours (see, for
example, [**Y), In individual cases, data were used on the
RS energy yield"'® (cf., however, (**7), on the influ-
ence of the constant electric field on the intensity of the
IR absorption bands *° on the photoelasticity con-
stantst'®) and on the influence of the intermolecular
interaction[*®3,

In addition to the polarizability, vibrations of the
atoms can modify also the optical activity; in such a
case, differences in the RS line intensities are possible
following excitation with right~ and left-circularly polar-
ized light. Such differences under the action of a con-
stant or modulated magnetic field make it possible to
study the relation between Raman scattering and the
Faraday effectl %,

6. SCATTERING OF LIGHT BY CYRS’TAL
IMPURITY CENTERS

Problems involved in secondary emission by impurity
centers in a crystal were considered inl?°22%:28] 5ng
elsewhere with allowance for the interaction between the
electronic excitation of the impurity center with the lat-
tice vibrations and with one of the local vibrations of the
impurity-molecule atoms. In such systems, rapid vibra-
tional relaxation (small 7,.) are made possible by the
"anharmonic' coupling of the local vibration with the
lattice vibrations. ‘

The RS spectra have revealed intensive lines or
bands of transitions (predominantly single-phonon) with
a change in the lattice-vibration energy and the energy
of the impurity-center atom local-vibration line[1*7 %]
The local-vibration line intensity off resonance is deter-
mined, according to™"), mainly by a dependence of the
type Mg (Q). For this case, the transformation (apo)Ok
was used, with expansion in powers of the difference of
the vibrational Hamiltonians (see Chap. 3); under condi-
tions close to resonance, it was assumed that Mg (Q) is
constant at A, # 0.

The probability Wvem» v) of a transition with produc-
tion of a photon hw was described int*!*?®} on the basis
of a formula of type (1), which included the electronic-
oscillator radiative-damping constant y .54. In another
variant, a modified Kubo method was used (method of
linear response to a time-dependent perturbation). For
resonant excitation and with account taken of one elec-
tronic-excitation level e, the somewhat simplified form
is obtained

W (vem,v) = const -vi| M |* j oxp (iver, — ivp)dp

% SSexp[i(v—vw) (t =) =2 Vraa (t+1) ) Agrwarar,
Al 34)

= Conn (222 oxp (242 oxp (=42 oxp [ sttt ),

where vgp, is the secondary-emission frequency, Ho and
H, are the vibrational Hamiltonians for the electronic
states 0 and e of the molecule, the symbol (...}, denotes
temperature averaging over the Ov sublevels. The two
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variants are equivalent according tol®*) and describe
scattering and photoluminescence.

When calculating the correlator A(t, t', ¢), it is
possible to take into account the anharmonicity and the
damping (yat) of the atom vibrations in the electronically-
excited state (which is introduced in!®®) independently of
Ye), and also Ag and wle) # w(0), 1281 5 gmall an-
harmonicity was assumed and the pair-correlation ap-
proximation was used. After expanding A(t, t’, 1) in a ser-
ies and after certain simplifications, formula (34) was
used to describe the secondary emission under different
excitation conditions. In the case of excitation with mono-
chromatic light near resonance with one ev sublevel, if
T, ye gt K (@®) — 0 < w, the integration of
W(vems v) with respect to dvgy, leads to the following
expression for the total integrated intensities of the
ev — Ok resonance-fluorescence line and the 00 — Ok
Raman-scattering line:

const-vi} M, |4
Towomi(¥) = 1M

S2v+h
Vep— V)2t V‘Vgt

kR n n-l

(— 1)lrmS-@Rizntltm (35)
<522 G Tl k=l —m—m o — T — kL m) (o —m —)l

n=01=0 m

1 .
= ez VradWabs (V) | Aur [

here Wabs(v) is the absorption probability for the fre-
quency v, while S is the dimensionless Stokes loss and
depends on Ag; the subscripts of I denote the successive
changes in the quantum numbers of the lattice vibra-
tions. Other cases were also considered (I' > y t),
when only resonance fluorescence is excited, ebcs. In
all cases, it was assumed that y,, .04 = 0, when the in-
tensity of the entire secondary emission is close to the
intensity of the absorbed light.

The density matrix method was used int***J; the ma-
trix elements were determined on the basis of perturba-
tion theory by the Perel’ -Konstantinov diagram method.
It is concluded in[2°'21, 3] that at T = 0, the secondary
emission includes only scattering if v < Veor and the
luminescence is y4¢ /7rad times more intense than the
scattering if v > v, (see Chap. 2).

7. EXCITATION OF SPECTRA IN THE REGION
OF THE ABSORPTION BAND; EXPERIMENTAL
DATA

Resonant Raman scattering of light was first observed
in experiments with solutions of p-nitrodiethyl aniline
and p-nitrophenolates[*+12]) with excitation in the cen-
ter of an intense broad structureless absorption b and
0 —e, at yo, > w > TI'; it was established that the molar
intensity coefficients of certain RS lines are larger by
hundreds of thousands of times than under ordinary con-
ditions of excitation far from resonance. According to
tentative estimates, 7., is less than 10™** see, and the
quantum yield (relative to the absorbed light) is of the
order of 107,

The RS spectra retained the characteristic features
of scattering. Thus, the line position was determined by
the frequency v of the incident light, and the half-width
did not exceed the usual values (<15 cm™); the intensity
decreased rapidly in the series of lines v, v — w, v — 2w...
From formulas (4), (9), (25), and (26), however, it fol-
lows that the resonance RS line intensity, especially the
intensities of the overtones, should increase with de-
creasing ygq, and yq, /w; the overtones can constitute an
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appreciable fraction of the scattered-light intensity even
when yey and w are commensurate (at Ag # 0).

A dependence of the intensity on y ., does not mean
that the RS should be strongly influenced by the ""photo-
luminescence-quenching'' molecules (cf.t2")), since the
values of yg, (unlike y4) are in our case still quite
large and it is difficult to increase them further. Thus,
the quenching molecules can practically eliminate the

usual photoluminescence without affecting the RS
lineg[1®,28, 11407

It can be stated that the molecular interaction affects
the intensity of the resonance RS lines much less than
the fluorescence intensity, but much more than the non-
resonant scattering. In the latter case, the lines are
usually intensified by 1.3—4 times on going from the
gas to the liquid[**®’#) In solutions, when the refrac-
tive index of the solvent is increased from 1.2 to 1.6, a
10—609, increase of the intensity was observed['1°3]
and was ascribed mainly to modification of the incident
light-wave field[ 119> 184 Transition to molecular crys-
tals is accompanied by a further increase of the inten-
sity (290, 17T Ghich is connected, according to[!™)
with phase correlations of the radiating molecules. In
the case of resonant excitation of RS, no distinct connec-~
tion with the refractive index was observed; the pre-
dominant factors were the variations of the frequencies
vey, Which can lead to intensity changes by a factor
10—100 and morel®:#,14& I the gas — liquid transi-
tion, at large values of 7, the primary role is assumed
by the decrease of 7, which contributes to a decrease of
IOk'

The influence of the medium on the line width is
much less pronounced in resonance RS than in ordinary
and resonance fluorescence. This can be easily explained
within the framework of classical and quantum theory.
One can use an oscillator model in which the frequency
Vay is modulated by a broad spectrum with average fre-
quency gy @s a result of rotation of neighboring dipole
molecules and vibrations of the molecules relative to
one another. Since the averate lifetime of the corre-
sponding rotational and vibrational states of the mole-
cules in a liquid is very small (almost random motion),
and since usually Yev > QMM’ the probability of com-
bination of the frequencies v + kw with the frequencies
Qpv in induced oscillations of the electronic oscillator
is accordingly small'®*), This can be explained within
the framework of the quantum model by the analogy with
the contributions of the vibrational sublevels ev to the
matrix elements of the polarizability « K- AS noted in
Chap. 3, the entire ensemble of ev sublevels is effective
when yg 2> w; in view of the difference in the signs of
the contributions of the individual sublevels to all the
gy, with the exception of aqg, these contributions cancel
each other to a considerable degree when k # 0, and the
unshifted component predominates strongly in the v + kw
spectrum.

Later investigations yielded the spectra of resonance
scattering of numerous organic and inorganic compounds
in solutions[18719,25,114b, 118-120] “o004 0 of yapors (124
crystals, crystalline powders[ 227241821 4 morphous
products (glass [“2], impurity centers of
crystalst 11261 agsorbed substances['1*Ps 24P jnejug-
ing those adsorbed in a monomolecular layer ™, com-
pounds in saps and living tissues of plants{¥*®}, Usually
(see, however, ** and also!*?°), where incidentally the
identification of the lines is not reliable), lines were ob-
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served only for fully symmetrical vibrations of the
atoms (essentially polarized). This agreed with the pre-
dictions of the theory, from which it follows that the
resonant excitation favors predominance of the factor
dve /6Qp (in other words, Aep)[m, which is significant
for fully-symmetrical vibrations. The degree of de-
polarization p fog linear and elongated molecules near
resonance [#171#0, 30,1311 514 5 the resonance reg-
jonl1, 1212, 135D, 138D, 144] pofjents the predominant role
played by one polarized electron of the electronic tran-
sition. The degree of depolarization following excitation
near and far from resonance is practically the same
according tol™’ %], For the 656 cm™ line of CS; ac-
cording to£%" and for the butadiene line according
to['*82] | the depolarization following short-wave excita-
tion turned out to be much larger, although it did not
exceed 0.5. In the resonance region, a value p > 0.5
was noted for the ion 85,[%** and p ~ 0 was observed for
the MnO4 line [#2,12%] | Measurements of the polariza-
tion and of the intensities of the Q, O, and S branches of
the lines of I were made in" 1"’ %], The polarization
measurements of the spectra of polyene compounds are
taken int'*°®] {5 indicate that the resonance-scattering
tensor has a certain asymmetry.

Almost all the compounds investigated in the cited
studies have structureless absorption bands. This per-
tains also to the I, molecules in solutions. An interest-
ing feature of the resonance RS spectra of iodine and
some other simple molecules and ions is the large rela-
tive intensity of the overtones[?®713% 14001 which form a
progression ~nw. Excitation of the iodine-vapor spec-
trum in the region of the continuum of the absorption
band of the type = — 31'[0u revealed a progression
~n-213 cm™ up to the thirteenth overtonet***} (Fig. 5);
all the lines were polarized and their width in the nw
series increased progressively. According tol®* when
the excitation is in the fine-structure zone of the same
absorption band, the observed secondary-emission lines
are depolarized and ascribed to resonance fluorescence;
with increasing pressure of the extraneous gas, the de-
polarization p of these lines decreased gradually from
6/7 to 1/2, thus indicating a smooth transition to scat-
tering. Similar observations are described in[%!?]; it
is noted there that the selection rules for the vibrational
quantum number (k) are altered, with a gradual transition
from a smooth decrease of the intensity in the series
v—kw (as in Fig. 5) to a typical Franck-Condon distri-
bution of the resonance-fluorescence line intensities
(when individual lines of the progression drop out com-
pletely under the experimental conditions). In addition,
a modification of the rotational structure of the lines
was observed when the R branch of the fluorescence line
agreed and coincided with the Q branch of the RS line.

The interpretation of the foregoing results and the
discrimination between fluorescence and scattering was
based int*!PJ on whether the contributions to aqy are

FIG. 5. Resonance RS spectrum of iodine vapor excited in the con-
tinuum region of the ‘Z}g - 31}, band (v = 20,487 cm™') [1212],
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made by one or several ev sublevels; the value of I" and
its relation with Yey: @, ©, and v, — v were not con-
sidered (see the exposition in Chap. 2 and following).

A unique picture was observed for bromine vapor.
Excitation in the fine-structure zone of the absorption
band (v = 14,400 cm ™) revealed a series of doublets; the
doublet components ~n-315 em™ are polarized and are
attributed to resonant RS, while the components
~n-+308 cm™ are depolarized and pertain to resonance
fluorescencel '), It should be noted that depolarization
produced when resonance is approached is not a unique
criterion for distinguishing between scattering and
fluorescence; the depolarization is more readily con-
nected with the quantity Q/ye, where @ is the rotational
frequency, rather than I'/y,.

The high intensity of the overtones in the RS spectra
of iodine and bromine when excited in the region of the
continuum is explained int*? on the basis of the as-
sumption that there is no "interference' of the contribu-
tions of different excitation levels and that there exists
only one level e (having no vibrational sublevels). The
frequency factor in the general formula for the intensity
Igy of the 0 — k line was integrated int**>***3] with
respect to dy, within the limits of the continuum; .
inf1*%2] 1 was more readily similar to Io,, and in no
form did it represent the differences in the signs of
u1(Q) in the bands Q@ > 0 and Q < 0 (yet these differen-
ces are very important and have a bearing on the signs
of the contributions of different regions of the con-
tinuum); this pertains also to a certain degree to[*3,
In this case one cannot exclude the possibility of using
classical theory and involving higher derivatives of v,
and o. Int**J, the matrix element of the polarizability
(when the density matrix was used) was subdivided into a
continuum-band contribution that coincided with the line
of the incident light (imaginary part) and the contribu-
tions of the remaining bands of the continuum and of the
discrete (long-wave) part of the absorption band. In the
opinion of the authors of[***1%1  the last part is quite
important in this case.

An analysis of formulas (4), (9), and (29) has shown
that on going from yy > w >T to w >y, > T the en-
ergy distribution in the series of lines v — kw (where
k=0, 1, 2, ...) can change and approach to one degree
or another the characteristic distribution for the spon-
taneous emission ev — Ok. Under these conditions, the
energy distribution no longer depends strongly on y,,
but on the other hand is strongly dependent on the fre-
quency v of the incident light and on the quantum number
v of the corresponding ""resonance sublevel," the contri-
bution of which to the pelarizability matrix elements is
strongly pronounced because of the smallness of the
resonance denominator. At resonance with the "Franck-
Condon'' sublevels v*, the elements |ag| and |aq| should
be large (at | coo] > |aez| > ...) and the elements |, |
and |ags| should be-small. At resonance with other sub-
levels at large A, one cannot exclude the possibility that
the lines of the RS overtones will turn out to be more
intense than the lines of the fundamental tone, and that
the line of the fundamental tone is more intense than the
line of the undisplaced scattering. Thus, we lose one of
the characteristic features of scattering, the progressive
and rapid decrease of the intensity in the v — kw series.
The line contours, however, still retain the specific
features of scattering and remain independent of ev
(spectrum of type-I transition)?4],
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A qualitative idea concerning the relative values of
laOklz and the secondary-emission line intensity Iy, (v)
(i.e., concerning the "excitation spectra' of the RS lines)
under conditions when the frequency v falls in some
particular region of the structured absorption band can
be gained from Fig. 6.

Excitation of the spectra in the region of the struc-
tured absorption band was realized in experiments with
solutions of polyene compounds 12720, 1457147) \wpereng
the molar intensity coefficient IS of the strongest line of
nitrodiethyl aniline, when excited at the maximum of the
structureless absorption band reaches 4 million units
(18 of the 313 em™ CCl, line at v = 22,938 cm™ is as-
sumed equal to 100 units; see®!, Chap. 6), an intensity
up to 10° was observed in this case, and up to 10° units
in the case of overtones and composite tones!®***];
under similar conditions, lines of intensity ~ 3 x 10°
units were observed in the spectrum of 8-carotene ™.

Wtih further decrease of yo (@ > yg = T'), a gradual
transition should be observed in the resonance-emission
spectra ("transition-phenomena of the second kind"),
from approximate duplicate of each exciting-line contour
component (a2 distinguishing feature of scattering at
I' > yg) to duplicates of the line contours of spontane-
ous-emission ev — Ok with weakening and subsequent
loss of the dependence of the emission-line positions on
the position of the incident-light band (a distinguishing
feature of resonance fluorescence). The sensitivity of
the emission spectrum to the influence of '"quenchers"
then increases. . :

The situation is somewhat more complicated with the
lines of the vibrational-rotational RS. The character of
the rotational structure of the lines can change already
on going from y, > >Tto Q > yg >T (where Q is
the rotational frequency), and the degree of depolariza-
tion can increase. When T' > Q > y,, the rotational
motion of the molecules contributes to complete de-
polarization of the resonant emission. At the same time,
the emission of the atoms at I' — y o can retain in part
the polarization and coherence even in the case of
resonant excitation-energy transfer between the atoms
atomsl8J,

Thus, in the study of secondary emission that occurs
without intermediate transitions in the excited state, one
can observe, in addition to the characteristic cases of
resonant scattering (yo > I', @, ©) and resonance
fluorescence (v < I'), also some unique transition
phenomena, including emission at w > yg > ', & and at
w > Q > yg > T', where some of the features of typical
scattering are lost.

Scattering in crystals has certain distinguishing fea-
tures connected with the possibilities of nonlocal excita-
tions. In experiments with semiconducting and noncon-
ducting crystals, resonance scattering was observed with
excitation of phononst***¥ plasmons, and mixed
modes %), Proximity to resonance greatly favored
multiphonon transitions (with excitation of longitudinal
optical phonons) and turned out in some cases to be
more probable than single-phonon transitions[1%> 11,
According to[*®’ %"} two-phonon transitions are connec-
ted with the simultaneous excitation of two phonons (in
one act), and according to"*®®) they are connected with
two successive acts in one intermediate state or in sim-
ilar states of two successive scattering processes; the
second variant, in the form described in[m, is similar
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FIG. 6. Relative values of lag, |2, which determines the “‘excitation
spectra of the RS lines” in the region » < vg,» in accordance with formu-
la (9). Diatomic-molecule model, w = 1000 cm™, v+ = 30,000 cm™?,

Ye = 350 cm™, 1 = 0. The maxima of layy |2 lie near the maxima of the
components of the vibrational structure of the absorption band. The
labels on the curves denote the transitions 0 > k.

to hot luminescence. Intermediate states may be

free[%%: %] and bound excitons[**® %8191 and according .
to[*** also "exciton polaritons," the wave functions of
which are close to the exciton wave functions; the role
of the exciton + phonon combined levels (see, for exam-
ple, [162]) was hardly considered. Scattering is treated as
polariton conversion int® %] The RS intensity is con-
nected predominantly with the lattice deformation poten-
tial according to[***7*%] and with the electron-optical
constantst %" according tot***>**"2) mon-symmetrical
modes of LO phonons).

In some cases the semiconductor scattering spectra
contained broad asymmetrical bands, which were attri-
buted to transitions to mixed states that decay rapidly
(for example, with transition of a plasmon into a single-
electron excitation) (see the treatment in Chap. 4 and the
example in Fig. 7).

The scattering cross section for the single-phonon
transition should have, according to**’**}, two reson-
ance points in the region of one excitation level (when
v or v— w coincides with the frequency of the transition

to the discrete exciton level or with Eg, 4 /h), which

agrees with experiment according tol'*%!; cf., however,
the experimental data int'®*™'"°], Discrepancies between
the maxima of I(v) and €(v) were noted int****"1}, In
individual cases, a decrease of the intensity with in-
creasing v in the pre-resonance region (antiresonance
points) were observed '®*'™]; it is attributed to can-
cellation of terms, of which one depends little on v and
the other, of opposite sign, has a resonance denominator
in the form (vg — v)%.

Proximity to resonance favors an increase of the
sensitivity of the intensity to the influence of additional
perturbations that modify the positions of the excitation
levels. Large changes in the intensity of the CdS lines
were observed in['™] following application of an ex-
ternal magnetic field that caused separation of the
Landau sublevels; there are cgrta.in data pointing to the
influence of electric fieldst*?P1,

Transitions with spin flip due to participation of the
conduction electrons were observed near resonance
conditions in"'™; the difference between the frequen-

cies of the displaced and undisplaced scattering was de-
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termined, naturally, by the intensity of the external mag-
netic field. A general description of the scattering cross
section, including scattering with excitation of magnons
and with transitions between Landau levels, is given
in01723 (gee also™PI,

RS spectra of metals and metallic compounds were
observed in most cases in the region of strong absorp-
tion of light[1"3,

Interesting results of resonance excitation of elec-
tronic RS were obtained in experiments with ions of
rare-earth elements and solutions[¥"™) and with silicate
crystalst*’® . The excitation was in the region of very
weak absorption bands, but the resonance effect was
quite appreciable. In principle it can be sharply pro-
nounced, but "superposition of contributions of other
excitation levels, which favors a smoothing of the I(v)
dependence, plays an important role.

Different variants of obtaining the resonant hyper-
Raman effect were discussed in “], including the condi-
tions when v or 2v coincides with one of the frequencies
Vg, Or when v and 2v coincide simultaneously with the
frequencies of two electronic transitions (double reson-
ance). In the latter case the line intensity can be quite
large and comparable with the line intensity of the usual
(two-photon) RS.

Excitation of the spectra of stimulated RS in the
region of the absorption band could be realized only with
accompanying participation of fluorescence emission,
which produced a sufficient emission density in the fre-
quency region v — w, but did not interfere significantly
with the observation of the narrower RS lines[®’1"],
Population inversion of the electronic-excitation level
was obtained in experiments where the spectrum of
cryptocyanine was excited with a ruby laser, as pro-
posed in[®? (cf., however,[2™)); the level in question
was regarded as the initial and final state, while the
electronic ground state was regarded as intermediate.

* kX

Recent studies have made a large contribution to the
development of Raman-scattering spectroscopy. Much
progress was made in the measurement techniques. The
volume of information obtained from the experiments
has increased greatly and its accuracy was improved;
new interesting phenomena were described; clearer and
more complete ideas were gained concerning the origin
of shifted scattering, concerning the relation between
scattering and other molecular-optical phenomena, the
correlations between different methods of description,
and concerning the possibilities and applicability limits
of various models of the scattering centers; premises
were created for a more effective utilization of scatter-
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ing centers; premises were created for a more effec-
tive utilization of scattering spectra for molecular-
structure analysis and other practical problems,

UThe authors of [?®] classify also photoluminescence as a two-photon
process. It should be noted, however, that the demarcations between
single-photon and two-photon processes and between real and virtual
transitions (as well as between different variants of the chronology of
the two-photon process) are all arbitrary.

I1t is assumed in [38] that the Kramers-Heisenberg-Weisskopf formula
describes also photoluminescence.

However, the interpretation of the “polarizability theory” in [*] does
not correspond at all to these conditions.
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