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The basic physical principles of resonance hyper-Raman scattering (RHRS) of light by media in
different aggregate states are examined. The theory of RHRS by molecules, which takes into
account the vibronic interaction between the resonance electronic states of a molecule, is
presented. Expressions are given for the components of the tensor of RHRS in vibrational and
vibrational-rotational transitions. The selection rules, the symmetry of the RHRS tensor, the
polarization characteristics of the process, and the ratios of the intensities of scattering by totally
and nontotally symmetric vibrations and their overtones are discussed. The results of
experimental investigations of RHRS by molecules in the gas phase and molecules adsorbed on
ultradispersed particles of silver are presented. These results confirm that the proposed theory
adequately describes the actual process of RHRS qualitatively and in a number of cases
quantitatively also, and they demonstrate that RHRS is a good source of spectral information.
Data on RHRS by phonons in solids, for which there is still no theory, also show that RHRS
spectroscopy could potentially yield a great deal of information.

INTRODUCTION

Hyper-Raman scattering (HRS) of light! by atoms,
molecules, crystals, and glasses is a nonlinear three-photon
energy-conversion process, in which two quanta with, in the
general case, different frequencies #iw, + #iw, of the exciting
radiation and one quantum 7w, of the scattered radiation
participate.The expression #iw, + fiw, — #iw, corresponds to
the difference of the energies of the initial and final states
and, as a rule, is equal to the energy of the vibrational, vibra-
tional-rotational, or purely electronic resonances. In the
phenomenological description the effect is related with the
hyperpolarizability by the S coefficient in the quadratic
term of the expansion of the induced dipole moment in pow-
ers of the field.

The selection rules for the vibrational transitions in
HRS permit observing modes that are active in the IR ab-
sorption spectra. Some other modes, which are forbidden in
IR absorption and in the usual (two-photon) Raman scat-
tering (RS), can also be allowed in HRS.?* Thus HRS can
be regarded as a new spectroscopic method, supplementing
the traditional methods, for studying materials. This ex-
plains, in particular, the extraordinary attention that is de-
voted to HRS in the literature. In our country very interest-
ing results, concerning both the properties of the effect itself
and the problem of the vitrified state of matter, have been
obtained in the last few years for condensed media using
HRS.*

According to Placzek,’ aside from the selection rules
for the vibrational transitions, it makes sense to study also
the rules for the intensities of vibrational transitions. For the
RS spectra of transparent media it has been established that
the totally symmetric vibrations usually have the highest in-
tensity and that the overtones and the combination tones are
very weak and in addition their intensity drops off rapidly as
the order of the scattering increases. However the situation
can sometimes change substantially already for RS excited
in the characteristic absorption bands of the system (in reso-
nance RS (RRS)). This is easy to understand based on a
variant of the theory of RRS that is generally accepted and
appears extensively in the literature. ®’

The physical idea employed in this variant of the theory
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consists of taking into account systematically the vibronic
structure of the absorption band active in the scattering as
well as the role of the vibronic interaction of the electronical-
ly excited levels with one another and with the ground state.
Without going into details, for the time being, we merely
note that in this case the expression for the matrix element of
the polarizability decomposes into three terms (A, B, and C
in the notation used in Ref. 7) which depend differently on
the frequency of the exciting light. The first term describes
the intensity of the totally symmetric vibrations while the
second term describes the nontotally symmetric vibrations
which are active in combination with the other vibrations.
The third term describes the interaction of the ground state
with the electronically excited states and in most cases it can
be neglected. It has been found that the strongest lines ap-
pearing in RRS in the strong absorption bands are the lines
of totally symmetric vibrations. The fact that the nontotally
symmetric vibrations which are active in combination with
other vibrations are predominantly amplified corresponds
to the situation when the excitation is conducted within a
weakly resolved component of a forbidden absorption band
and it draws intensity from the strong band of the vibronical-
ly coupled electronic-vibrational transition.’

This review is devoted to resonance HRS (RHRS),
which arises when the frequency of at least one of the pho-
tons @, and w, participating in the act of HRS or their sum
frequency fall in the region of real quantum transitions char-
acteristic for the scattering medium. This results in a sharp
(by up to six orders of magnitude) intensification of the re-
corded signal and causes the recorded signal to depend explis
citly on the properties of the excited states. The vibronic
structure of the corresponding transitions can be taken into
account by analogy to the RRS studied above. The vibronic
theory extended to the case of RHRS is presented in Part 1 of
this review. Here we included the derivation of the general
expressions for the third-order-scattering tensor and for the
terms describing the intensity of RHRS (the analogs of the
terms A, B, and C in RRS) as well as estimates of the ratios
of the intensities of the totally symmetric and nontotally
symmetric vibrations as well as the fundamental vibrations
and their first overtones. Special attention is devoted to some
questions in the theory of vibrational-rotational RHRS,
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which in the last few years has been studied experimentally
for a number of gaseous systems. The properties of the polar-
ization of the spectral lines of HRS and the ratios of RHRS
and luminescence are studied, the selection rules are sum-
marized, and some considerations regarding the symmetry
of the scattering tensor for HRS are given.

Part 2 is devoted to a description and discussion of the
experimental data on RHRS with which we are familiar. The
presentation is based on the principle of the aggregate state
of matter, according to which gas molecules are studied first,
then molecules adsorbed on particles of colloidal silver are
studied, and finally solids, represented by some bulk crystals
and submicroscopic particles in a dielectric glass matrix, are
studied.

Investigations of molecules adsorbed on a metal have
the advantage that in this case the amplification of the signal
by local surface plasmons is added to the amplification by
molecular resonances. Estimates show that the amplifica-
tion by local surface plasmons is at least a factor of 10*, as a
result of which in many cases it has been possible to obtain
higher-order RHRS spectra, to study from the general phys-
ical and structural standpoints an extensive group of organic
dyes of different classes, to demonstrate the effect of simulta-
neous double resonances at the fundamental and doubled
frequencies of the exciting light on the intensity of RHRS,
and to establish the existence of a number of supplementary
effects. On the whole these experiments have made it possi-
ble to test some results of the theory.

Summarizing what we have said above, we underscore
the fact that RHRS spectroscopy is extremely interesting
from the fundamental standpoint because, in particular, it
carries unique scientific information about the properties of
the ground and electronically excited states of the system
being studied. This information can be most fully extracted
by measuring the RHRS excitation spectra, which is a diffi-
cult problem. From the purely applied standpoint investiga-
tions of RHRS, especially combined with IR-absorption and
RRS spectra, are very valuable in connection with the prob-
lem of studying the molecular and crystalline structure of
matter; this is demonstrated in several examples in this re-
view. Admitting the possibility of RHRS in very strong light
fluxes, when the spontaneous process passes into the stimu-
lated process, some authors study the possibility of develop-
ing based on this source of coherent IR radiation.® Finally,
as we have already mentioned, resonances increase very
sharply the threshold sensitivity of the method itself; this is
extremely important.

Actually, HRS signals are extremely weak. In the ab-
sence of resonances the ratio of the HRS and RS cross sec-
tions can be estimated as (E /E_, )%, where Eis the amplitude
of the incident electric field and E,, is the strength of the
microscopic electric field in the material that binds the part
of the electronic subsystem whose polarizability is responsi-
ble for optical processes. According to the usual estimates
E,, ~10® V/cm, while the intensity of the incident fields is
significantly lower and is bounded by the values at which
electric breakdown can occur (£~ 10° V/cm, correspond-
ing to radiation intensity of several GW/cm?).

The fact that the cross sections of the HRS process in
transparent media are extremely small and the difficulties
arising for this reason in recording this process can be easily
judged from the pioneering work performed on this subject
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by Terhune, Maker, and Savage' and other publications ap-
pearing soon after it.”'® For example, in Ref. 1 the HRS
spectra of a number of liquids and fused quartz were excited
with pulses from a Q-switched ruby laser with a peak power
of about 1 MW, which is close to the conditions for electric
breakdown of the samples. The HRS signals were of the or-
der of one photocount per pulse. Later, periodic-pulse lasers
of moderate power but, in turn, with a high pulse repetition
frequency (up to 10 kHz), which made it much easier to
perform the experiment, were used to excite the spectra. In
addition, significant progress has also been made in the re-
ceiving-detecting part: systems with spectrographs, operat-
ing in combination with multichannel detectors and the cor-
responding electronics, have been introduced as detectors,
replacing the standard spectrometers with photomultipliers
to select the required section of the spectrum. An apparatus
of this type is described in Refs. 11 and 12.

Thus improving the experimental apparatus already
made it possible to increase significantly the strength of the
HRS signal. We emphasized earlier that excitation of HRS
under resonance conditions can sharply increase the cross
section of the process itself. In this connection we point out
that the theoretical aspect of this last problem was first stud-
ied by Akhmanov and Klyshko,'? while the first experimen-
tal results were obtained by Polivanov and Sayakhov, who
observed resonance amplification of the HRS signal in a CdS
single crystal by varying the energy-gap width by heating the
crystal.'

We felt that it would not be useful to devote a special
section in this review to the experimental technique. The
required information is included in the sections where spe-
cific experimental results are examined.

1. VIBRONIC THEORY IN RHRS
1.1.General expressions

Asiswell known, in the dipole approximation the inten-
sity of radiation per unit time for transition from the state /
into the state f of an atom or molecule is equal to'*

% (1)

I =
if 3

here u is the matrix element of the transition dipole mo-
ment between the states / and f':

PD=ZapﬂEG+ZBparEaEr+ cey (1.2)
[+ G, T
wherea,,, and B, are the linear and quadratic polarizabili-
ties of the system and p, g, 7 = x,y,z are the axes in the coor-
dinate system tied to the molecule. The linear term describes
the standard RS at the frequencies w, = w, + w;, where
#iw ;¢ 1s the energy difference E;—E; between the statesiand f.
The quantum-mechanical expression for the quadratic
polarizability S (hyperpolarizability), describing the HRS
process, has been derived many times by different
methods. '*'7 We give this expression in the notation of Ref.
3:
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where M ¥ = (f|M, |k ) are the matrix elements of the pro-
jection of the dipole moment of the transition from the state
k into the state fon the p axis. fis a tensor of rank three and,
in the general case, it has 27 independent components. In the
case important in practice @, = w, = w the tensor is sym-
metric with respect to the last two indices o and 7 and has 18
independent components:*

P S
ke 1,8 (mak —0— ir‘sk) (mm +o— il"m)
" MMMy
(0gy + 20 —iTy) (0, +@—iT,,)
MMM ] 1
(0g — 20 — IT) (@, —@ — T,,) '

where the indices k, n, 7, and s correspond to the initial, final,
and intermediate states and I';; is the width of the transition
i—j.

In accordance with Eq. (1.4), in HRS two types of res-
onances are possible: resonances with the standard single-
photon absorption (SPA) band when w~w,, and reson-
ances with a two-photon absorption (TPA) band when
20=w,,. In the first case the second term in Eq. (4) can be
neglected while in the second case only the third term need
be considered. The double resonance case, when both condi-
tions are satisfied simultaneously, is also possible. In this
case, as before, the last term makes the dominant contribu-
tion.

In RHRS, as compared with the nonresonant variant
(HRS), the ratio of the terms in the sum (1.4) changes in
favor of the transitions which are excited under resonance
conditions. The intensity of RHRS becomes dependent on
the vibronic structure of the states participating in the act
and on their interaction with other states. We shall confine
our attention to the case of scattering by the vibrational sub-
levels of the ground state, when the initial and final elec-
tronic states are identical.

We shall write the expression (1.4) using the adiabatic
vibronic functions. We shall use the Herzberg-Teller de-
scription for the interaction of the electronic states. Then the
interaction-perturbed wave function has the following form:

= Qs "‘—‘2 2 Yy Qar,

h fAs o Ofs

where @, is the unperturbed wave function of the state s,
fiw, = filw, — w,) is the difference of the energies of the
interacting states, and the operator ¥ describes the interac-
tion, equal to the change produced in the potential energy by
the vibrations of the nuclei,

V= 2 tha,
a
where
0 vV
ha = (062 Qa=o’

As a result of substitutions the expression for the qua-
dratic polarizability assumes the form'®*’

(Boo)ernrpwr =A+ B +C,

where

(1.5)
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where i’ and i” are the indices of the electronic and vibration-
al wave functions of the ith state, respectively,
L. 20) = (04044 —20—iCy )~ ', and L,.(0) =
(@pprprr —@ — iy ) 7!

The terms A, B, and C appearing in Eq. (1.5) are com-
pletely analogous to the corresponding terms in the vibronic
theory of RRS%7?%2? and they represent the contribution of
the vibrational structure of the active SPA and TPA bands
(the term A) to the intensity of the spectral lines as well as
the role of the interaction of the electronically excited states
with one another (the term B) and with the ground state
(the term C).

Far from resonances the expressions (1.6)—(1.8) per-
mit some approximation. Neglecting the w:dths of the tran-
sitions and wusing the fact that in the linear
approximation 22!
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after summing over s” and 7" we obtain that the term A
becomes
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The first term in Eq. (1.9) is important only in the
hyper-Rayleigh scattering. The second and third terms are
proportional to the matrix elements of the interaction opera-
tor (A9) =K% A and (h%)"" = K’AY, where K and A
are the force constant and the change in the potential func-
tion in the corresponding electronic states. Since for nonto-
tally symmetric vibrations A =0, Eq. (1.9) represents the
predominant amplification of totally symmetric vibrations
as resonance is approached w »w,, and 20 - o, .

The following conclusions can be drawn from the fore-
going analysis. When the frequency of the incident radiation
approaches the frequency of the strong SPA or TPA band
with a relatively large cross section the amplification is de-
termined predominantly by the term A, which has a sharp
frequency dependence, for totally symmetric vibrations. If
resonance with a weak SPA or TPA band lying near a strong
band is realized, the contribution of the term A to the scat-
tering can be small compared with the term B, which de-
scribes the amplification of nontotally symmetric vibrations
that are active in combination with other vibrations. Thus
the RHRS spectra excited in relatively weak and relatively
strong bands can have a quite different collection of vibra-
tions.

1.2. Selection rules for HRS

The selection rules are somewhat different for HRS ten-
sors that are symmetric with respect to all three indices,
when there are only ten independent components, that are
symmetric with respect to the last two indices, and that are
unsymmetric. >* We shall summarize the relevant results.

1. All vibrations active in IR absorption are allowed in
HRS also.

2. Only odd vibrations can be active in centrosymmetric
molecules, i.e., the alternative forbiddance holds in RS and
HRS.

3. Vibrations that are forbidden in RS and IR absorp-
tion simultaneously (*‘silent modes™) can be active in HRS.

4. For noncentrosymmetric molecules some types of vi-
brations are active in RS and HRS, simultaneously. How-
ever some vibrations are allowed in HRS but forbidden in RS
and vice versa.

5. A number of vibrations, which are allowed for a ten-
sor of general form, are forbidden in the case of tensors that
are symmetric with respect to the last two and all three in-
dices; a number of vibrations that are allowed for a tensor
that is symmetric with respect to the last two indices are
forbidden in the case of a totally symmetric tensor.

6. In HRS by noncentrosymmetric molecules, apart
from vibrations that are active in IR absorption, other types
of vibrations that are forbidden in IR absorption are al-
lowed.

7. In centrosymmetric media, apart from dipole vibra-
tions, other types of vibrations that are forbidden in IR ab-
sorption are allowed.

Some of the foregoing selection rules may not hold, if
the symmetry of the molecules in the excited electronic
states is different.!® Using the method of Ref. 23, it can be
easily shown that for molecular groups having only one-di-
mensional irreducible representations vibrations which con-
tain in the decomposition of the product
T,,.(Gy) X'y (Go) X Ty (Gy) in terms of the irreducible
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representations of the symmetry group of the molecule in the
ground state G, are allowed in HRS. Here T, is the tensor
representation and Iy, _is the reducible, in the general case,
representation of the vibrational Hamiltonian. In particular,
if in the excited states the molecule loses its center of inver-
sion, then even vibrations are also active in HRS.

In the case when the frequency, form, and symmetry of
the vibrations remain unchanged in the excited states, only
transitions in which the vibrational quantum number
changes by one are allowed in the harmonic approximation.
From Ref. 6 we have

<n~|Qa|k”>=0v tif Un”#vk":tly
ﬁ 172 .
= [ (0 + 1)] i O =op 1,
2w,
= (_E'_. vk”)llz’ if Up =0 —1,
20,

where v,. and v, are the vibrational quantum numbers of
the initial and final states, respectively, and o, is the vibra-
tional frequency.

Overtones and combination tones can appear as a result
of the separate or combined effect of mechanical and elec-
trooptic anharmonicities. If the frequencies of the vibrations
in the ground and excited states are somewhat different, the
second-order spectrum can already appear in the harmonic
approximation. For overtones, for example, in this case
there arises a term of the form

r=—533

Bs” 2 is'r agr 'k
Mg ® Mg™ M

k2 r's’ a (ms’k’ — 20) (O — @)
Ks’ —_ Kk’ K’, - Kk’ ” "
X( L | Qalk,  (L1D)
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where K ¢ is the force constant of the vibration a in the state
i’. The selection rules for the overtones in this situation are

Upr = Upr 4= 2.

1.3. The ratio of the intensities of totally symmetric,
nontotally symmetric, and overtone vibrations in HRS

As follows from Egs. (1.9) and (1.10), the intensity of
the spectral lines of HRS depends on the TPA cross sections
for the transitions into the corresponding active states. Sin-
gle-photon absorption contributes to the resonance en-
hancement of the TPA cross sections. The ratio of the inten-
sities of the lines of totally symmetric and nontotally
symmetric vibrations (we omit the summation signs in Egs.
(1.9) and (1.10)) is equal to

TPA .
Is _{A P _ ( Ope — Opg \ O 2A°

I Y TPA | 1Ay
Oy — 20 (Q)n

B’ Op
The first factor in Eq. (1.12) under nonresonant conditions
is of the order of 10 ~3, but its value increases as 20 — @, ;
this reflects the fact that it is the increase in the intensity of
the totally symmetric vibrations that predominates as a
strong active TPA band is approached. The number of sub-
stances for which the TPA cross sections are known is
small.>*** Nonetheless the existing data are sufficient to esti-
mate the second factor, which is of the order of 10°. Finally,
the third factor, according to Ref. 20, is of the order of ten,
which gives the estimate (4 /B)?<10.

2
]. (1.12)

INTS’
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The ratio of the intensity of the overtone arising owing
to the change in the frequency of vibrations in the excited
state to the intensity of the fundamental tone can be estimat-
ed, using Egs. (1.9) and (1.10), as

Lo [ @rP—@)y @ 2~(A& o @ T
Tung 2@52A (o ma) A Qo |

(1.13)

Since usually Aw, /@, ~ 10 ~ ' and the second factor is of the
order of 10~ '-10~2 the ratio sought does not exceed
10-°-10 %,

It should be expected that at resonance the overtones
and combination tones should be intensified owing to the
effect of only the electrooptic anharmonicity. For a fully
symmetric vibration we have

Le [ ®@r Tl @« T
Tiing 2 {0y — 20) Af,' Q)10 .

Off resonance this ratio is equal to 10 7*~10~7, but it in-
creases rapidly as a strong TPA band is approached. Since
the denominator in the first factor in Eq. (1.13) is bounded
by the half-width of the electronic transition I',, ~10°
cm ~’, for frequencies w, =~ 10°> cm ~ ' the ratio of the line
intensities for scattering of second and first orders in
10~ '-10 ~ % If arelatively weak TPA band vibronically cou-
pled with a strong band is active in scattering, then the com-
bination tones formed by a combination of the totally sym-
metric and nontotally symmetric vibrations which are active
together with other vibrations will be strongest. The expres-
sion

(1.14)

MES (ho)s’s’ (hg)s'f'Mf’r’M"k' | ) )
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f*s’

(1.15)
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which has a sharper frequency dependence than the funda-
mental tones of nontotally symmetric vibrations (1.10), will
be responsible for their appearance. As a result, the estimate
(1.14), where the corresponding factor from Eq. (1.15)
should be used instead of (Q?),,, Will remain valid for the
intensity of the combination tones.

1.4. Symmetry of the HRS tensor

Investigation of the symmetry of the RS tensor revealed
that far from the electronic and vibrational absorption bands
of the system and in the absence of degeneracy of the ground
electronic state (Placzek’s condition) the scattering tensor
is, with a high degree of accuracy, symmetric .> The ratio of
the antisymmetric and symmetric parts of the tensor gives a
quantitative measure of asymmetry. The following estimate
of this ratio is given in Ref. 20:

ro/E]  Ray

~ O e 1.16
1 | - (ho/El)y Ef (1.16)

where E4 and fiw, are the energies of the electronic and
vibrational transitions, respectively. This estimate shows
that in the case under study (RS) antisymmetry can be sig-
nificant only near or in the electronic absorption bands,
while in the region where the substance is transparent the
asymmetry can be neglected. Physically this is connected
with the fact that in the zeroth-order approximation the RS
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tensor is symmetric and its asymmetry is connected with the
fact that the vibrational structure of the excited electronic
state is taken into account and it is large when it is necessary
to do so, i.e., when the RS spectra are excited under reso-
nance conditions.

The HRS tensor (1.3) and (1.4) is, as one can easily
see, asymmetric already in the zeroth-order approximation
(neglecting the vibronic structure of the excited electronic
states). Thus the asymmetry of the HRS tensor should be
observed under a wide range of excitation conditions, in-
cluding also the region when the substance is transparent,
and the Placzek region should be absent for most com-
pounds. A quantitative criterion for this situation is given in
Ref. 3, where it is shown that the HRS tensor becomes sym-
metric when the conditions #iw/E%, (2w + w,)/E} €1,
are satisfied; but only the condition #w/E%, (2w + ©,)/
E} <1 is realizable in practice. The antisymmetry of the
HRS tensor has been observed experimentally in crystalline
quartz®® for excitation of the spectrum in the region of trans-
parency, where #i(w, + @,)/E% ~0.3,and in addition it was
shown that the symmetric and antisymmetric parts are of
comparable magnitude. On the other hand the HRS tensor
satisfies Kleinman’s conditions, i.e., it is symmetric with re-
spect to all indices. Here there is some analogy with the elec-
tronic RS, whose scattering tensor usually has a significant
antisymmetric part, while the Rayleigh scattering tensor is
symmetric.?’

1.5. The degree of depolarization of spectral lines

For systems whose elements are oriented randomly rel-
ative to a stationary (laboratory) coordinate system it is im-
possible to measure the components of the HRS tensor sepa-
rately. It is shown in Ref. 2 that for a totally symmetric HRS
tensor, after the intensity of the scattered light from all mole-
cules is averaged over the orientations of the molecules, it is
possible to separate two parameters 4 * and B?, the first of
which is called the symmetric part of the quadratic polariza-
bility and has the form

A= ¥ B+ By + Ber),

gk = eyl

while the second one is given by

B = z_ﬁ?u —%2 Beie-Biss + L Z B

i*f 3 i

(1.17)

For naturally polarized incident radiation the following
expression for the degree of depolarization is obtained when
the scattered signal is observed at a right angle:

, 4B?

0 = (1.18)

(for linearly polarized incident radiation p = p'/(2 — p*)).
From here it follows that the quantity p’ is bounded by 4/5
(p<2/3). In the general case, when the tensor is symmetric
only with respect to the last two indices, it is possible to
separate from it six invariants which transform as spherical
functions, and in addition one of them is manifested only
when the incident radiation is elliptically polarized.”® As
shown in Refs. 16 and 28, a symmetric HRS tensor can be
described by two of these invariants, while the remaining
invariants correspond to an asymmetric tensor. Kozierow-
ski et al.?® examined the case when a vibrational line that is
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forbidden in IR absorption but allowed in HRS (for exam-
ple, a vibrational line corresponding to the symmetry @} ina
molecule with D,, symmetry) has, owing to the asymmetry
of the tensor, a degree of depolarization equal to that in the
case of excitation with linearly polarized radiation « (4 and
8/3 for circularly and naturally polarized light, respectively,
for observations at 90°).

In the case of vibrational-rotational HRS the degree of
depolarization, taking into account the asymmetry of the
tensor for excitation of the spectrum with linearly polarized
radiation, is equal to*® (for observations at 90°)

117 \ E:)(l) + Vg E‘Z)(l) ‘2 +91 |’§z(z) |z 412 rg:)(s) \z

D=3 TIBWE Lo B - (1)
where
Hsil) 0 ) (ag;}l) ’
S SLE) 19 2 U

B e =iy, B (5],
p=1,..,3p — 6, and p is the number of normal vibrations;
|B"”|2 |B5P(%)|? for p = 0; and,

BY = 3 CHiBus,

Lk

where the coefficients Cj are tabulated in Refs. 28 and 30
and B, is the HRS tensor. The expression for the inversion
coefficient has the form

45| E;(a) 2
3| E‘l,(a) 24 21| ’B’f)(z) |2+ 28 |§‘1)(1)

Y T

For symmetric scattering, described only by the invar-
iants B)" and B |®, the degree of depolarization D, falls
within the limits 1/9<D,<2/3. The degree of depolariza-
tion of hyper-Rayleigh scattering also falls within these lim-

*® The measured value of D, in vibrational-rotational
RHRS by NH; molecules is equal to 0.78,® indicating that
the tensor responsible for RHRS is asymmetric.

1.6. Ratio of the intensities of the vibrational-rotational
components of HRS

The theory of rotational and vibrational-rotational
HRS s given in Refs. 28 and 31 for the symmetric and in Ref.
32 for the asymmetric HRS tensor. The rotational Hamilto-
nian in the coordinate system of the molecule can be written
in the form

Hgr = AJ% + BJy 4 CJ%, (1.21)

whered = (1/2)1 ., B=(1/2)I,,C=(1/2)1,,and [, is
the projection of the moment of inertia on the i/th axis. The
rotational wave functions have the form
|JKM) = i'-K (%)’ Diw (@), (1.22)
where the quantum numbers J, K, and M are the eigenvalues
of the operator J? and its projection on the z’ axis of the
coordinate system of the molecule and the z axis of the labo-
ratory coordinate system:
BJKMY=I({J+1) |JKM>,
T | TKM) = K|JTKM5,
LIJKMy=M|JKM),

D%, are Wigner’s matrices, and (! = @, 3, and y are Euler’s

(1.23)
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angles. The eigenvalues of the operator H for spherical-top
molecules (2J + 1)?aredegenerate and can be writtenin the
following general form

Ep=E,=AI(J+1). (1.24)
For a symmetric top
Ep=E,«=BJ(J+1)+ (A—B)K* (1.25)

with degeneracy 2J(J + 1).

We shall give the expressions for the intensity of the
lines of vibrational-rotational HRS for symmetric-top mole-
cules for linearly polarized incident radiation and observa-
tions performed at 90°:*!

~l|ﬁlv2]2 + Elﬁl'olz_f-"ls‘lﬁz,zla + :22_1 Iﬁmlz
9Vs —— Re (p"’p"™), (1.26)
where
8= 3 (— T e @i+ 1)
j1j2 KZKI

x (20 + 1) (20 + 1) (27 4+ 1) (2J7 + 1)
LTy 3 oo
el ol Sy x

L QJ o1 moo
X - " "
—K, —g K/\—K" p” K, J\—K" K,

o
5 (M) (M), <M,,)gu' (1 L QP
o p' p q

sv’,pp’ Dy, 50’

X (Ogo,err + @ SR 2w — zl‘e /2)‘

X @+ 0 e — 20— T2 (2
The summation is performed over the rotational quantum
numbersJ 7, J 7, K, K%, of the intermediate state, and the
numbers J, K, and J ", K " refer to the initial and final states.
Theindices p, p’, and p” enumerate the axes of the coordinate
system of the molecule, |gv’) and |gv” ) are the vibronic wave
functions of the initial and final states, and |sv’) and |ev”)
are the vibronic wave functions of the intermediate states.
Here the indices 1 and 2 emphasize the possible contribution
of cross terms in the summation over the rotational sublevels
to the intensity of HRS.

An expression for the relative intensities of the vibra-
tional-rotational components of HRS for asymmetric-top
molecules is presented in Ref. 32.

The selection rules for transitions between the rota-
tional sublevels can be derived from Eq. (1.27). The require-
ment that the 3/ and €/ symbols appearing in Eq. (1.27) be
different from zero gives AJ =J" —J= —3, —2, — 1,0,
1,2, 3 and Ak=k" —k=p+p +p". In spectroscopy
these transitions are denoted as ¥, O, P, O, R, S, and T.

1.7. Ratio of RHRS and luminescence. Classification of the
types of secondary luminescence

As follows from Eq. (1.3), at least four levels operate in
the HRS process: initial, final, and two intermediate. The
HRS cross section depends not only on the magnitude of the
transition dipole moments between them but also on their
vibronic interaction operators as well as their relaxational
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characteristics. The latter are most strongly manifested in
the conditions of resonance excitation of HRS, for example,
when @, + @, = o, . In this case, together with RHRS, oth-
er processes, including also two-photon absorption /—k
with actual filling of this level followed by nonradiative or
radiative decay of the level to lower lying levels, are possible
depending on the properties of the state |k ). The radiative
process (luminescence accompanying two-photon excita-
tion) can occur to the same states as RHRS. In this connec-
tion there arises the problem of separating these two types of
secondary luminescence and observing their relative contri-
butions to the signal. _

This problem arose earlier in application to the case of
the standard RRS and single-photon luminescence. Impor-
tant results in this direction were obtained in a theoretical
study of three-level systems with amplitude and phase relax-
ations, characterizing a resonance transition.**** It was
shown that the absorption and subsequent photolumines-
cence in such systems arise only when phase relaxation is
taken into account. In the case when the phase relaxation is
exponential (7, process) the ratio of the intensities of RS
and photoluminescence is equal to the ratio of the rates of
amplitude and phase relaxations and does not depend on the
frequency of the exciting light. As established in Ref. 34, the
relative contribution of RS (/g4 ) to the total secondary lu-
minescence I, = Iy + Iy, where I, is the integrated in-
tensity of photoluminescence, is given by the expression

s _ v

I, 2Re(p)’ (1.28)

where ¥ is the rate of decay of the population of the reso-
nance level |k ), taking into account both radiative and non-
radiative transitions,

(p7 =ff('r)exp[i(wm—m)r——;-r}dr,

f(t) = <exp (z’jm x) dx)> s

and w(?) is the change in the transition frequency w, owing
tointeraction with the environment and is a random station-
ary quantity with zero mean ({w(#)) = 0). The ratio Izs /1,
was calculated in Ref. 34, under the assumption that & (?) is
a Gaussian random function whose correlation function is
equal to (@w(Q)w(r)) = Alexp(—1t/r,),  where
A%? = {w?(t)) and 7, is the correlation time. It was found
thatlys /I, depends on the frequency, and in addition it ap-
proaches unity as the distance from resonance increases. The
rate of phase relaxation v, = 1/(27;) can be derived for §-
correlated modulation (). Then f(7) = exp( — ¥,,7),
and

Igs _ Y

Iy, 2 +v

does not depend on the frequency.

In Refs. 33 and 34 it was also shown that the width of
the components of the secondary resonance emissions are
determined by different constants and can be different. If the
spectral widths of the source of excitation and of the final
state can be neglected, then the spectral width of the RS line
can be represented by a 8 function, and the spectral width of
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the luminescence band can be represented by the total width
of the resonance state. For this reason, in the limit when the
width of the intermediate state is large both components of
the secondary luminescence can be easily discriminated
spectrally. When RS is excited by pulses of light whose width
is less than the lifetime of the resonance state the RS and
luminescence can be resolved in time: the first type of emis-
sion is excited only at the moment the pulse acts while the
second type relaxes exponentially at a rate inversely propor-
tional to the lifetime of the excited state.**

It is obvious that all the characteristics enumerated
above are also true for RHRS and two-photon luminescence.
Investigations of the profiles of excitation of RRS and
RHRS of vibrational-rotational transitions in gaseous am-
monium>® showed that the spectral widths of the resonance
intermediate states are much greater than those of the indi-
vidual secondary luminescence bands, and from here it was
concluded that these bands belong to scattering and not pho-
toluminescence. In the case when the intermediate state is
not broadened much, time-resolved measurements could be
useful for identifying the type of secondary luminescence.*®

2.DESCRIPTION, DISCUSSION, AND INTERPRETATION OF
THE EXPERIMENTAL RESULTS ON RHRS

2.1.Vibrational-rotational transitions in gases

The advantage of simple molecular gases as objects for
investigating RHRS at low and moderate pressures over
most other systems is that their characteristic vibronic tran-
sitions are narrow. This makes it possible to obtain large
spectral resonance enhancement factors. On the other hand,
however, under such circumstances there arises the new
problem of identifying the true type of secondary lumines-
cence, i.e., the problem of distinguishing RHRS from lumi-
nescence. Some theoretical considerations regarding this
problem were given in Sec. 1.7. In practice the matter is
closed when nonradiative deactivation of the resonance
state, occurring at rates at least an order of magnitude higher
than the rate of vibrational relaxation in the ground state,
occurs.

Precisely this case was realized in Ref. 35 and in the
subsequent series of very interesting publications by the
same group>*"~° on the first reliable observation of RHRS
spectra on vibrational-rotational (VR) transitions of NH,
and ND; molecules under the conditions of two-photon res-
onance of the exciting radiation with the v5 band of the tran-
sition '4 | — '4 5. The resonance state ‘4 ; is a predissocia-
tion state, and when the molecule is excited into this state it
dissociates with unit quantum yield (NH,—-NH, + H). It
was shown earlier®® that the width of the rotational-vibronic
(RV) levels of the '4 { state (~60cm ') are entirely deter-
mined by this process, and in Ref. 35 it was established that
the contribution of luminescence to the secondary lumines-
cence of the molecules excited by means of two-photon ab-
sorption is negligibly small. In this sense the situation in
other molecules (CH,I and CS, ), for which a discrete spec-
trum of secondary luminescence in the gas phase under con-
ditions of two-photon absorption was also obtained,’” is am-
biguous, since in spite of the fact that even here the
resonance state is a predissociation state, the width of the
RV levels of this state is comparable to the observed width of
the spectral lines of the secondary luminescence (5-10
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FIG. 1. a-The RHRS spectrum of NH; (8 atm) with excita-
tion at 417.6 nm. b—-RRS spectrum of NH, (20 Torr) with
excitation at 208.8 nm.*’
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cm ~ ') and for this reason luminescence can make a signifi-
cant contribution to it.

In Refs. 31, 37, and 38 it was demonstrated for the ex-
ample of NH; molecules that the obtained experimental re-
sults can be interpreted qualitatively and even quantitatively
on the basis of the RV theory of RHRS proposed by the
authors (see Sec. 1.6), and the study of the RHRS excitation
spectra makes it possible to determine the possible channels
for the scattering process and, moreover, to obtain informa-
tion about the dephasing constants of the excited RV levels
and to draw a conclusion based on it regarding the mecha-
nism of dissociation of the molecules.

The RHRS spectra were excited by frequency-tunable
pulsed radiation, obtained by mixing the radiation of a lig-
uid-dye laser (pumped by the second harmonic of the
YAG:Nd** laser) and its first harmonic (1064 nm). The
power density of the pulses was equal to about 100 MW/cm®
and the pulse repetition frequency was equal to 10 Hz. The
scattered radiation was recorded in a 90° geometry. The
spectral equipment was a simple monochromator with a res-
olution of 5-6 cm ~'. The spectrum was scanned once. The
RHRS spectra were obtained when the doubled frequency of
the incident light coincided with the vibronic absorption
bands vy =1, 2, and 3 of the transition '4 | —'4 5 (the
maxima of the 425.6, 417.8, and 409.8 nm bands,respective-
1y*"). The excitation spectra for a number of lines in RHRS
were measured by scanning the doubled excitation frequen-
cy near and inside the bands vy = 2and 3 (419-416and 411-
407 nm, respectively®®). To eliminate the absorption of the
scattered light, the quantitative analysis of the spectra was
performed near the combination tone v, + v, whose Stokes
shift is equal to 4000 cm ~ . The pressure in the working cell
was equal to 1-3 atm (the content of molecules was equal to
about 0.1 M).

Figure 1 shows the scoping spectra of ammonium for
two-photon (RHRS) and single-photon (RRS) excitations
in the same absorption band vy = 2. Before analyzing the
spectra we shall describe the vibronic structure of the ab-
sorption for NH; molecules.

The absorption spectrum of ammonium in the region of
the electronic transition under study contains a progression
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at the frequency v, of the out-of-plane bending vibration of
the molecule. The inversion in the molecular vibrations
splits the v, level into a symmetric and asymmetric pair a;
and aj. The corresponding scheme of vibronic levels as well
as the transitions occurring in the RS and HRS processes is
shown in Fig. 2.7

Since the splitting of the lower level is comparatively
small and is equal to about 0.74 cm ~ ', vibronic symmetry
A} and 47 can be assigned with equal probability to the
molecule in the ground state. In the D;, symmetry group, to
which the NH; molecule belongs, the single-photon transi-
tion 4 ;~A 7 is allowed in the dipole approximation, while
the two-photon transition, on the other hand, is forbidden,
and in addition only the vibronic (Herzberg—Teller) inter-
action between the electronic states via the asymmetric vi-
bration v, (a3 ) can remove this forbiddance. In this case, as
was shown in Part 1 of this review, the term B in the expres-
sion for the components of the quadratic-polarizability ten-
sor makes the main contribution to the intensity of RHRS.
Chung and Ziegler®” analyzed all possible channels of RHRS
for ammonium molecules, taking into account the fact that
the vibrational transitions @] —a; and @y — a3 are allowed in

<

Uz
” 4
3 ay (4))
1/4” 2 a,” (Az/)
2 1 aj (A,/e
0 a/ (43)
RS ] HRS
V{4
D azl ('4,2)
T a; (A¢)
fﬂ'-’, 0719!‘(1“”( ”
az; (A
7 a/ (A])

FIG. 2. Diagram of the energy levels of NH, along the coordinate v, for
D,, symmetry. The electronic, vibrational, and vibronic (in parentheses)
symmetries of the levels as well as one of the possible channels of RRS and
RHRS processes are indicated.*’
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RS and the transitions a; »a% and ay —»a] are allowed in
HRS. It is obvious that in this case the lines of asymmetric
vibrations v and 4 and their asymmetric overtones and
combination tones of the type (27 4+ 1)v{ 4 mv}, where i,
Jj=L2andm=0,1,2,..,and n =1, 2, ..., should be ob-
served in the RHRS spectrum, while lines corresponding to
the symmetric vibrations v{ (3461 cm ~') and v} and their
symmetric overtones and combination tones nv; + 2mv7,
where i, j=1,2and m,n =0, 1, 2, ..., should be observed in
the RRS spectrum. Since v and 44 differ by only ~0.74
cm ~'and v} and +4 differ by an even smaller amount, the
RRS and RHRS spectra in Fig.1 are identical.

The RHRS spectrum of NH; molecules was analyzed
theoretically in Refs.31 and 38 based on the theory of rota-
tional HRS,?**° developed in terms of the irreducible spheri-
cal tensor operators. It was shown there that the intensity of
HRS by symmetric-top molecules is determined in the gen-
eral case by five scattering invariants |3 "¢ |? which are giv-
en in Eq. (1.26) of this review. The expression for this ten-
sor, corresponding to the conditions of the experiment
performed in the work under discussion and taking into ac-
count the terms that are in resonance with the doubled exci-
tation frequency, has the form of Eq. (1.27). In application
to NH, molecules the latter expression corresponds to the
term B. Because the two-photon transitions '4,—'4 } are
forbidden one of the matrix elements of the RV transitions
(M) or (M,)% in Eq. (1.27) will be formed by the vi-
bronic interaction between the appropriate electronic states
by means of the vibration v4 (a;). This will result in a de-
crease of the integrated intensity of RHRS and the appear-
ance of VR transitions, referring only to the vibration v4 and
its asymmetric overtone, in the spectra. At the same time,
the relative intensity of the rotational components in the
RHRS spectrum, which belong to the allowed vibrational
transition and which are determined in Eq. (1.27) by the
factors containing rotational quantum numbers, remains
unchanged. :

According to the J and X selection rules for RHRS in
ammonium, five resonance RV levels with J”" =J — 2,
J—1,J,J+ 1, and J + 2 are possible. This results in the
appearance of lines from seven rotational branches — N, O,
P,Q, R, S, and T. Analysis also showed that the intensity of
the RHRS line belonging to a definite branch is determined
by one or several channels of the process proceeding through
different resonance RYV states, for which some component of
the tensor |3"€ |2 or several components together are respon-
sible. By comparing the experimental spectra it is possible to
determine the contribution of separate components | 3" |> to
the intensity of RHRS.

Figure 3 shows a section of the RHRS spectra of the
NH, molecules studied in the region of the v, + 14 vibra-
tion, where the structure owing to the rotational transitions
is resolved.®' It was found that lines corresponding only to
the P, Q, and R branches appear in the spectrum; this is
indicated in the figure. This is possible in the case when the
component of the scattering tensor |3 ''° |2 makes the main
contribution to the intensity. Estimates showed that the con-
tribution of components with Q = 2 is equal to about 5%.
An analogous picture was also observed in the case of reso-
nance excitation with the absorption bands vy _ , and vy = 3.

In this situation the expression (1.27) for the intensity
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FIG. 3. The section of the RHRS spectrum of NH, in the region of the
vibration v, + 5. The resonance with the band v; = 2. It is shown how
the bands corresponding to different branches should be arranged.?'!

of RHRS in transitions withJ " =J — 1,J,J + 1 (P, Q, and
R branches) in the laboratory coordinate system assumes
the form

(5. _
1 —_ | 51.0 '2 — _i_J__ﬂ G% -_— P-branch,

_ K@+ O
= e Gg — Q- branch,

_ (K

2
0 __R- 2.1
T Gg — R-branch, (2.1)

where

_ 2(M;)%" (M5 (M5 + (MS (M) + (M), (M)}
I J,,K,, *

s,v’ (mgu,sv' — o) (AQ — Ty /2)

and
Aq = Ogv,cr + (By — By) I ( + 1)
+(Cy — By) — (Cy— B} K* — 20

is the detuning of the doubled frequency of the exciting radi-
ation from the frequency of the resonance RV transition of
the Q branch with fixed J; B and C are the rotational con-
stants of a symmetric top. It can also be seen from the expres-
sions presented above that the excitation spectra of the
RHRS lines in the case of the P, Q, and R branches have one
resonance of the Lorentz type whose width is determined by
2", which, generally speaking, depends on J .

Indeed, the experimentally obtained excitation spectra
for the RHRS lines of rotational transitions in the R branch
in resonance with the bands vy =2 and vy =3 (Ref. 38)
confirm the existence of a single resonance, approximated
well by a contour of the Lorentz type with one adjustable
parameter ['7°X"; this is illustrated in Fig. 4. A fit of this type
was employed in Ref. 38 in order to measure the width of the
resonances of the RV levels of NH; for v7 =2,3 and
J” =1— 8 and to determine the corresponding total-de-
phasing times. The values obtained agree well with the times
found previously for vy = 2 by the RRS method, and they
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FIG. 4. The experimental excitation spectra of the lines of RHRS by NH,
belonging to the R-branch withJ " =2 (1),4 (2),and 7 (3). The result of
the approximation using the formula (2.1) with [ = 47,59,and 64 cm

forJ " =2, 4, and 7, respectively, is shown.™

exhibit an analogous dependence on J 7 they decrease from
119to 76 fsasJ " increases from 1 to 8. This fact as well as the
agreement between the relative intensities and the computed
value obtained from formula (2.1) confirm that the pro-
posed theory describes the RHRS process correctly. A simi-
lar dependence was observed for v; = 3-as J" increased
from 1 to 8 the total-dephasing times (7 = 27¢/T2.%") de-
creased from 68 to 47 fs.

Since the constant I'/.X " is determined by photodisso-
ciation, and in particular by the process NH; —»NH, + H, it
was found that it is possible to investigate the effect of rota-
tional motion on this process. The fact that the photodisso-
ciation constants depend on the quantum number J” for
vy = 2 and 3 enabled Chung and Ziegler®® to conclude that
the centrifugal mechanism for the lowering of the barrier to
tunneling of the H atom is the dominant mechanism in the
process of photodissociation of NH; molecules when they
are excited into the vy = 2 levels of the '4 } state.

Although analogous information can also be extracted
from the RRS spectra®® the RHRS method is preferable in
this case. Since for NH; molecules one of the invariants of
the scattering tensor makes the main contribution to RHRS,
the spectrum contains only three rotational branches, whose
excitation spectra have one resonance. This makes it much
easier to analyze these spectra than the RRS spectra, where
three types of resonances lead to the appearance of five
branches with overlapping lines. In addition, two-photon ex-
citation with restructuring of the frequency in the far-UV
region is much easier to achieve than single-photon excita-
tion because of the greater availability of excitation sources.

We note that because under the conditions of two-pho-
ton resonance the absorption losses of the radiation exciting
RHRS in the medium under study are vanishingly small a
much larger, than in the case of RRS, number of scattering
centers can be included in the scattering process by increas-
ing both the illuminated volume and the concentration of
centers. In the papers cited above this made it possible to
obtain RHRS signals for NH; that were comparable in abso-
lute magnitude to the RRS signals.>

2.2.0rganic-dye molecules

In this section we shall present the results for RHRS by
organic-dye molecules. These results were obtained with ad-
sorption of the molecules on aggregated particles of colloidal
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FIG. 5. The extinction spectra for the starting (1) and aggregated (2)
silver hydrosols.*

silver, i.e., under conditions of surface-enhanced amplifica-
tion of the signals recorded. “°**® This made possible a sharp
(by up to a factor of ~10*) enhancement of the spectra; this
was first shown experimentally in Ref. 40. At the same time,
the adsorption brought about a radical suppression of the
luminescence background, and this made it possible to ob-
tain RHRS spectra of luminescing dyes as well as their RRS
spectra, necessary for making comparisons. The starting sol
was prepared by using hydrogen to reduce Ag,O in water*’
and contained spherical particles with an average diameter
of ~30nm. Aggregation was achieved by adding 2-10 ~*M
of NaCl solution, as a result of which compact clusters with
an average size of 150~200 nm formed. The extinction spec-
tra of the starting and aggregated hydrosol are presented in
Fig. 5.4

The enhancement produced in the standard RS when
molecules are adsorbed on the rough surface of different
metals, in particular, silver, has been studied in detail and
comprehensively in the last 15 years.*>*’ Most results ob-
tained in these studies are also valid for nonlinear processes.
We shall summarize the main results of relevance here.

1t is generally recognized that surface enhancement is
caused by chemical or electromagnetic mechanisms acting
separately or simultaneously.”' The first mechanism is spe-
cific to the type of adsorbate molecule and is connected with
the formation of chemical complexes, for example, charge
transfer with the absorption band falling into the region of
excitation of the spectra. As a result of this their intensity
increases in a resonance fashion. In the process, as a rule,
appreciable restructuring of not only the electronic but also
the vibrational system of energy levels is observed. This is
manifested as a change in the position, number, and relative
intensity of the spectral lines of adsorbed molecules and is
also reflected in their excitation spectra. The second mecha-
nism is connected with the local intensification of the effec-
tive electric field, acting on a molecule near the surface of the
metal when local plasma oscillations (local plasmons, LPs)
are excited in them and does not depend on the type and, in
general, the presence of adsorbed molecules on the surface.
It is this mechanism that is responsible for the sharp en-
hancement of the efficiency of second-harmonic generation
by a rough surface or by a system of ultradispersed particles
of metal.

To resolve the question as to how useful are the data on
vibrational and vibronic spectroscopy of molecules in solu-
tions for analyzing the RHRS spectra of adsorbed mole-
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cules, the RRS spectra, obtained under comparable excita-
tion conditions, of admolecules and molecules in solutions
were compared. In those cases when such a comparison
could be made it was found that the spectra are virtually
identical with respect to the set and relative intensity of the
lines.**** In other cases,the comparison was made using the
RRS spectra of solid solutions of dyes in KBr; this procedure
is less accurate. *%7

For the vibronic spectra it was possible to compare the
absorption spectra or the RRS excitation spectra, which car-
ry analogous information, of molecules in solutions with the
RRS excitation spectra of admolecules. It was found that
their positions and widths agree well with one another.>?

The results obtained indicate that adsorption has a
comparatively weak effect on the vibrational electronic sub-
systems of the molecules and they give a basis for using the
data, required for analysis, for molecules in solutions (the
position and width of the vibronic transitions and the cross
sections for single- and two-photon absorption).

In Refs. 40 and 41 it was found that the increase in the
intensity of RHRS by adsorbed molecules is observed simul-
taneously with the appearance of an absorption band of the
hydrosol, accompanying aggregation of its particles, near
the wavelength of the exciting radiation (1064 nm). Accord-
ing to Ref. 53 this band is associated with the excitation band
of the local plasmons. A sharp increase in the scattering into
the second harmonic (SSH) was also observed at the same
time. This behavior is characteristic for the electromagnetic
mechanism, where the HRS and SSH enhancement factor
has the form®' K(w,)~|g(w,)|*|g(w,)|* (the factors
g{w,) and g(w, ) describe the intensification of the local field
at the frequency of the exciting (w; ) and scattered (w, ) ra-
diations). This, combined with the fact, noted above, that
adsorption does not strongly affect the vibronic spectra of
the molecules, made it possible to conclude that the electro-
magnetic mechanism makes the dominant contribution to
the enhancement of RHRS by dye molecules, studied in
Refs. 4048. The predominance of the electromagnetic
mechanism, together with the fact that in the systems stud-
ied the intensity of SSH is determined primarily by scatter-
ing by silver particles,*® gave a basis for using the SSH sig-
nals as an internal reference for studying the contributions of
molecular resonances to the intensity of RHRS.*’

The sharp increase in the efficiency of the RHRS pro-
cess accompanying adsorption of molecules, together with
the effect of molecular resonances, made it possible to record
with the help of the standard apparatus intense and informa-
tive RHRS spectra from many rhodamines, pyronins, and
other dyes belonging to the class of acridine, indigoid, poly-
methine, etc., dyes, which have long-wavelength single-pho-
ton absorption bands at wavelengths in the range 500-1000
nm.

The RHRS spectra were excited with 1064 nm radi-
ation from a quasi-cw YAG:Nd®* laser with a peak power
of 10 kW and pulse repetition frequency ~ 10 kHz. The sec-
ond-harmonic radiation of the same laser or of an ion argon
laser was used to obtain the enhanced and standard RRS
spectra. The spectral instrument consisted of a DFS-24 dou-
ble monochromator with d.c. amplification. In comparing
the RHRS and RRS spectra it was assumed that the lines
being compared refer to different types of vibrations, if the
difference in their frequency was not less than 4 cm ~ '. Dyes
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which are insoluble in water were introduced into the silver
hydrosol through intermediate solvents—acetone, ethanol,
and pyridine. The typical molecular concentrations in the
volume were equal to 10 ~° M, and in some cases they were
two orders of magnitude lower.

Since it was shown earlier that the two-photon absorp-
tion bands play the same role in the RHRS process as do
single-photon absorption bands for RRS, we shall first dis-
cuss the compounds whose TPA spectra are known or for
which the available information on TPA is less detailed.
These include the rhodamines 6G and 110 (P6G and P110,
respectively) as well as acridine orange (AO). In Ref. 54,
the TPA spectra of the first two dyes were obtained in Ref.
54, and the TPA cross sections were measured for AQ while
in Ref. 55 the symmetry of the lower electronic states was
determined.

We also note that the choice of the objects of study
named above on the whole permits making a more systemat-
ic comparison of the experimental and theoretical results.
The rhodamine and the related xanthene dyes have a struc-
tural formula of the following form

p,\\N ﬁ/n,

0 z ,

O
(o,

where R, = H, CH;, C;H; and R, = H, C,H;. Pyronins
and acridine red do not have a phenyl radical, and in the
xanthene fragment in AO the heteroatom O is replaced with
N.

Aristov et al.>® established that the presence of a car-
boxyphenyl group in rhodamines does not significantly af-
fect the m-electron structure of the xanthene fragment
(which determines the properties of the lower electronic lev-
els of the molecules) because the planes of both fragments
are orthogonal to one another. Because of this, the symmetry
of the electronic levels of the molecules is on the whole the
same as that of the xanthene chromophore (C,, ).

According to the theoretical calculations of Ref. 56 and
the polarization measurements of the SPA and TPA spectra
of rhodamines *>~*® as well as their luminescence spectra, the
scheme of the corresponding electronic levels has the form
shown in Fig. 6. The dipole moment of the single-photon
transition S;—8,(1'A, — 1'B,) lies in the x, y plane of the
xanthene frame and is oriented along the long y axis. The
dipole moments of the transitions S4—S,, where n =2, 3,
and 4 is approximately an order of magnitude smaller, and in
addition in the case S; - S, S+ S,(A, - A ) they are orient-
ed along the z axis. The SPA spectrum of the P6G molecules
is presented in Fig. 6. Although in the C,, group the single-
and two-photon transitions between the states A, and B, are
formally allowed simultaneously, the experimental data for
TPA in P6G (Ref. 54; curve 3 in Fig. 6) show that the transi-
tion 1'A, — 1'B, is in reality very weak and is allowed pri-
marily by the nontotally symmetric vibrations b, owing to
the vibronic interaction between the states S,(B,) and
S.(A)), since the two-photon transition into the S, state,
according to Ref. 57, is strongly allowed for R6G molecules
and is characterized by a cross section that is two orders of
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FIG. 6. 1) The SPA spectrum of rhodamine 6G in ethanol at 77 K;** 2)
and 3) the SPA and TPA spectra, respectively, of the dye at 300 K.>* The
structural formula and the scheme of the electronic levels with an indica-
tion of their symmetry are presented. The position of the doubled frequen-
cy of the exciting light is shown.

magnitude larger. The situation is similar in the case of
R110.

The RHRS and RRS spectra for R6G molecules in the
fundamental region are presented in Fig. 7. It is obvious that
both types of spectra differ from one another with respect to
both the frequencies of almost all lines and the distribution
of the intensities. The negligibly low intensity of the lines in
the “low-frequency” ( <1190 cm ~ ') region of the RHRS
spectrum is interesting. Analogous features were also ob-
served in the case of the rhodamines 3B, 1/2B, and 110. We
note that the RHRS spectra of the last two dyes are, respec-
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FIG. 7. The RHRS (a) and RRS (b) spectra of rhodamine 6G adsorbed
on particles of silver. The frequencies of the lines are shown incm ',
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tively, ~ 10 and 100 times weaker than the spectra of R6G;
this is comparable to the decrease in the sharpness of the
resonance.

The characteristics established can be qualitatively ex-
plained on the basis of the theory of RHRS presented in Part
1 of this review.*® Indeed, resonance with a strong SPA band
results in the enhancement predominantly of the fully sym-
metric vibrations (a,) in the RRS spectra of the R6G mole-
cules (see Fig. 7b) and is determined by the Franck—Condon
term A.%” However the RHRS spectrum of R6G molecules
is excited in the region of the weak TPA band, which is al-
lowed because of the Herzberg-Teller interaction. The term
B (formula (1.10) ) now makes the main contribution to the
intensity of RHRS; this is the reason for the selective en-
hancement of those nontotally symmetric vibrations that
most actively mix the S, and S, states. In the case when the
symmetry of the xanthene frame (C,, ) is preserved when the
molecules are excited into the states S, and S, the vibrations
that mix must have b, symmetry, since the transition mo-
ments of the transitions S, — S, and S, — S, are directed along
the y and z axes, respectively, and B, (y) Xb, = A,(z). Thus
the nontotally symmetric vibrations b, are manifested in the
RHRS spectrum of the R6G molecules; this is why the
RHRS spectrum is clearly distinguished from the RRS spec-
trum. An analogous conclusion can also be drawn for the
other dyes mentioned above (rhodamines 3B, 1/2B, and
110).

A comparative analysis of the RHRS and second-order
RRS for the rhodamines 6G and 3B also leads to the same
results. Figure 8 shows as an example the RHRS spectrum of
rhodamine 6G in the regions of the fundamental and first
overtone.** One consequence of the vibronic theory of

A
2000 2500 3000
b ayp, cm™
L L —t I ) -
0 1000 2000 3000 <000 A, om~
a

FIG. 8. The RHRS spectrum of rhodamine 6G (a) and its overtone region
in greater detail (b).** The frequencies of the overtone vibrations and
their interpretation are presented in Table I.
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TABLE I Identification of the overtone bands in the RHRS spectrum of rhodamine 6G (Ref.

43).

Frequencies of the spectral lines, cm ™ ! Frequencies of the spectral lines, cm !
RHRS overtones| RHRS lines | RRS lines ’RHRS overtones| RHRS lines RRS lines

1805 1191 613 2695 11N 1510

1H7 1312 613 2733 1532 1199

2100 1312 778 1368 1363

2387 1191 1199 2835 1191 1649

2495 1191 1312 2891 1532 1363

2564 1368 1199 2959 1312 1649

2629 1312 1312 3177 1532 1649

1 1605 1576

RHRS is that in the case when the term B predominates the
overtone region will also contain lines of the nontotally sym-
metric vibrations, which, in our case, also have b, symmetry.
On the other hand, the symmetry of the overtones and the
combination tones is determined by the symmetry of the ini-
tial fundamental vibrations. Since the C,, symmetry group
allows for one possibility of formation of higher order tones
of lower symmetry (b, = b, X a,), it should be expected that
only one of the combination tones, formed by two vibrations,
one (a,) active in RRS and the other (b,) active in RHRS,
should appear in the region of the first overtone of the RHRS
spectrum. This result is completely confirmed experimental-
ly (Table I).** This makes it possible to explain the existence
of a common line (~1312 cm ') in both spectra as a ran-
dom coincidence of the frequencies of vibrations with differ-
ent symmetry. The results obtained for the rhodamines stud-
ied also allow us to conclude that in this case the relative
intensity of the RHRS lines in the fundamental and overtone
regions corresponds to the estimates made on the basis of the
proposed theory of the process.

One of the dyes belonging to the acridine class—acri-
dine orange (AQ), whose RHRS and RRS spectra contain
the same collection of lines with close relative intensities—
exhibits a qualitatively different behavior. This can be seen
in Fig. 9. As we have already pointed out, the structure of the
AO molecules is analogous to that of the pyronin (P) mole-

cules, but the heteroatom is N rather than O. This substitu-
tion, however, does not change the symmetry and therefore
the electronic states of the chromophore. The significant dif-
ference between AO and the rhodamine dyes lies in the fact
thatin AQ the cross section of TPA for the transition S, — S,
which was measured directly in Ref. 55, is characteristically
very large. This fact, as well as comparison of the cross sec-
tions of TPA of linearly and circularly polarized light, gave a
basis for Foucaut and Hermann®?® to conjecture that the S,
and S, states in this case have the same symmetry. At the
same time direct measurements show that this transition is
also intense in SPA (seeinset in Fig. 9). The possible match-
ing of these results is made in Ref. 55 based on the quantum-
chemical analysis and taking into account the specific nature
of the contribution of different electronic configurations in
the S, state of acridines.>® From the standpoint of the vi-
bronic theory of RHRS it is significant that in this situation
for both types of spectra—RHRS and RRS——the same elec-
tronic state (S,) into which one- and two-photon transitions
are strongly allowed is the resonance state. Then the intensi-
ty of both scattering processes is determined by the Franck-
Condon mechanism (the term A), with which the predomi-
nant enhancement of the totally symmetric vibrations (A )
in the spectra of each type and therefore the identity of the
latter is associated; this is in fact what is observed experi-
mentally.
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FIG. 9. The RHRS (a) and RRS (b) spectra of acridine
orange.*’ The structural formula and the position of the long-
wavelength SPA band of the dye are presented.
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We also note that according to the measurements per-
formed in Ref. 45 the intensities in the RHRS spectra of the
R6G and AO molecules are comparable. At the same time
the theory predicts that the contribution of the term A to the
intensity of the scattering is approximately two orders of
magnitude larger than that of the term B. But this is valid
only in the case when the transition moments are equal and
when the resonance conditions of excitation are the same.
Taking into account the fact that for AO the resonance is less
sharp and the transition moments are smaller than for the
R6G molecules shows that there is no disagreement with the
theory.

Interesting results, though less convincingly interpreta-
ble, have also been obtained for a number of other rhoda-
mines and dyes of close classes. In Ref. 45 it was established
that in the RHRS and RRS spectra of the rhodamines B and
C, in which the frequencies of the lines generally do not cor-
respond to one another, lines in the comparatively low-fre-
quency region (frequencies less than ~1150 cm ~ ') are in-
tensified, and, in addition, in these spectra of rhodamine S,
pyronins B and Zh, and acridine red, there appear many
common lines, including also the ~ 1650 cm ~ ' line, which
apparently belongs to the totally symmetric vibrations of the
C—C bonds of the xanthene frame; this is illustrated for
rhodamine S in Fig. 10.

As regards the intensification of the comparatively low-
frequency vibrations, if the term B makes the dominant con-
tribution to the scattering, this could indicate, for example,
that the plane of the xanthene frame of these molecules is
deformed in a manner comparable to the lowering of the
symmetry of the molecule to C,. In this case the out-of-plane
deformation vibrations with symmetry b, can participate in
the mixing of the electronic states and can be manifested in
the RHRS. It is natural to attribute the weaker rigidity of the
xanthene frame in this group of molecules to the fact that
such molecules do not have a carboxyphenyl group, which,
according to Ref. 60, lowers the mobility of the amino group
in the excited state.

On the other hand, the observation of totally symmetric
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FIG. 10. The RHRS (a) and RRS (b) spectra of rhodamine S.*

vibrations, whose intensity is comparable to that of the non-
totally symmetric vibrations, in the RHRS spectra indicates
that the relative contribution of the term A, which, generally
speaking, is not symmetry-forbidden for this group of mole-
cules, to RHRS increases. Adequate changes should also be
observed in the TPA spectra of the same molecules. Unfor-
tunately, there are no such data in the literature, and this
makes it impossible to draw the correct conclusions about
the details of the RHRS process in this case, when it is simul-
taneously determined by the Franck—Condon and Herz-
berg-Teller mechanisms. Information that can usually be
extracted by comparing the excitation spectra of RHRS and
the TPA spectra could also be useful.

There are situations, however, when the combined
study of even three types of vibrational spectra—RRS,
RHRS, and IR absorption—still does not give unambiguous
proof of the true structure of the molecules. An example is
the dye of the triphenyl methane class, the so-called crystal-
line violet.**** The reason probably lies in the fact that the
absence of analytical spectral lines of RRS or RHRS could
be connected not only with the violation of the selection
rules but also with the low intensity of the lines, in particu-
lar, owing to the different sharpness of the resonances.

A fundamental feature of RHRS, as compared with
RRS, as we have already mentioned, is that double reson-
ances (DRs), when the conditions for the fundamental (@)
and doubled (2w,) frequencies of the exciting light to be
close to the real energy states of the scattering centers (the
expression ( 1.3)) are satisfied, can in principle occur. Ideal-
ized estimates show that in this case the efficiency of the
process can be higher than the single-resonance process by
another factor of 10°-10°,

To study in detail double resonances in molecular sys-
tems with nonuniformly spaced electronic levels it is appar-
ently necessary to excite RHRS with radiation at two differ-
ent frequencies, one of which (or both) can be varied.
Nevertheless Baranov et al.*’ were able to follow experimen-
tally the effect of double resonances on the efficiency of the
“degenerate,” i.e., with excitation at one frequency, RHRS
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by molecules of polymethine dyes, characterized by systems
of electronic levels with the same symmetry but different
energy parameters.

The integrated intensities were compared of RHRS by
molecules of pseudoisocyanine (PIC) and a number of mol-
ecules of the polymethine class with the structural formula
R *—CH=(CH—CH), =R, where R " is

C, Hg

and n = 1, 2, and 3, which have C,, symmetry and are arbi-
trarily denoted by the numbers 1, 2, and 3, respectively.

The SPA spectra obtained and the scheme of electronic
levels of the molecules are shown in Fig. 11. The exchange
interaction leads to splitting of the 2A | state into three levels
(denoted in the diagram by the symbols ( 4+ ), (°), and
(—~)) and to the appearance of an additional (though
weak) selection rule for a transition between states of differ-
ent parity.®' In particular, the single- and two-photon transi-
tions are strongly allowed simultaneously between the states
147 >1B; and 14 | —»24, and it is precisely these two
channels that should be expected to make the greatest con-
tribution to the intensity of RHRS. In the SPA spectra, to
these transitions correspond the S, and S, bands (for PIC
the band corresponding to S, is not shown; it has a maximum
near ~ 320 nm).

To the usual conditions under which the enhanced
RHRS spectra are obtained and which were enumerated
above we add the fact that in order to eliminate the thermal
defocusing of the exciting radiation the silver sol in this case
was prepared based on heavy water, and the dyes themselves
were introduced into it through their solutions in pyridine.
The integrated intensity of the scattered radiation was nor-
malized with respect to the second harmonic, taking into
account both the losses of the exciting and shifted radiations
and the effect of the local field near the particles of silver. We
also note that as the fundamental frequency (w;) ap-
proaches the long-wavelength band of SPA photodesorption
of dye molecules from the silver, proportional to the average
intensity of the IR radiation, was observed. This effect was
eliminated by decreasing the energy of the pulses, and the
proportionality of the intensity of RHRS to the squared in-
tensity of excitation was used to monitor the absence of the
effect.
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FIG. 11. The SPA spectra of the dyes /-3), in pyridine; 4) the analogous
spectrum of PIC; the short-wavelength part of the spectra is magnified by
a factor of 5. The positions of the fundamental and doubled frequencies of
the exciting light are indicated. The scheme of the electronic levels of the
dyes with an indication of their symmetry and the RHRS channel are
indicated in the inset at the top. (From Ref. 47.)

The results of the measurements, refer to the intensity
of RHRS by PIC molecules, for which a quite sharp reso-
nance at 2w, was realized, are presented in Table II.

According to the vibronic theory of RHRS in the situa-
tion when single- and two-photon transitions are allowed
simultaneously, the term A plays the predominant role. This
is also confirmed by the similarity of the RRS and RHRS
spectra, observed in this case. Then

Igurs ~ K {[((041 - 2(0i)z_;+ F=11—1 [0y — 0)® 4 F‘:l]_l
+ [(@n — 20 + F:l]_l [0y — 0)? + F:I]_l}, (2.2)

where K ~ |M,M,,M,,|* I3, ®, and I, are the frequency and
intensity of the exciting radiation, o is the frequency of the
electronic transition /—j, I'; is the total width of the transi-
tion i—j, and |M,;|* = |M;|* is the dipole moment of the
transition i —7. The expression (2.2) reduces to the expres-
sions (1) and (2) from Ref. 47 for the intensity of RHRS by
PIC molecules and molecules of the dyes 1, 2, and 3.

The experimentally obtained values of the intensity of
RHRS indicate that the resonances at ®; and 2w, operate
simultaneously. The comparatively small increase in the in-
tensity of RHRS owing to the resonance at o, is connected
with the fact that while resonance conditions at o, are im-
proved the conditions at 2w, are degraded. Estimates of the
intensity of RHRS are presented in Ref. 47. These estimates
were made under the assumption that the level 24 [*, into

TABLE II. The relative intensities of RHRS by molecules of polymethine dyes. The experimen-
tal data and the results of estimates based on the formulas (2.2). The parameters of the transi-

tions were obtained from the SPA spectra (see Fig. 11).

Relative intensity ; Parameters of the transitions employed
Dyes of RHRS for the estimates
Experiment| Estimate | ©u, cm™! oo cm™ '] Tuwcm™' Ty, cm ™!
PIC 1 1 18 870 31 250 590 600
1 2,1 2,0 12 930 20 745 360 600
2 55 58 14 390 18 800 335 600
3 67 73 10 030 17,310 355 600
O = @;
0y = 20, — 2400 9397 18794 350 600
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which the intense transition 14 |~ - 24 ," is allowed (the S,
band in the SPA spectrum), is the intermediate state (r).
However important features of the experimental data con-
tradict this assumption.

Although the computed value of the enhancement fac-
tor, presented in Table II, for exact resonances at w; and 2w,
and for the typical parameters of the transitions in the mole-
cules studied is quite high (~2000) it cannot be realized in
the variant of ““degenerate” RHRS. Nonetheless even in this
case the increase obtained in the intensity of RHRS by opti-
mizing the resonance conditions is about two orders of mag-
nitude. This suggests that it may be possible to record RHRS
spectra of molecules in the standard solutions with the help
of the traditional technique employed in Raman-scattering
studies.

We shall conclude this section of the review with a brief
discussion of the results of the study of RHRS spectra of a
group of indigoid dyes.*® The distinguishing feature of the
molecules of these dyes is that they are photochromic and
exist in the form of stable cis- and trans-isomers with C,, and
C,, symmetry, respectively. In Ref. 62 it is shown that ad-
sorption does not prevent photoisomerization, though it
does change the rate of photoisomerization. It is advanta-
geous to perform the excitation with radiation with wave-
length A = 1064 nm, since radiation at this wavelength does
not give rise to phototransformations, which can be con-
trolled by additional irradiation in the SPA band in the visi-
ble region of the spectrum; this technique was employed in
Ref. 46.

It was found that the RHRS spectra obtained belong
exclusively to cisisomers of the dyes, since according to the
estimates the intensity of the RHRS lines of the trans-
isomers is lower by at least a factor of 10%. This corresponds
to the expected results for centrosymmetric molecules.

A comparative analysis of the RRS and RHRS spectra
of one of the dyes studied—perinaphthothioindigo
(PNTI)—gave a basis for suggesting that the strongest lines
in the RHRS spectrum refer to vibrations with b, symmetry;
this is consistent with the fact that the B term makes the
main contribution to RHRS, while nontotally symmetric vi-
brations are also manifested in the RRS spectra of the same
molecules in addition to the totally symmetric vibrations,
though, it is true, in the form of weaker lines. Shpol’skii’s
spectra of thioindigo exhibit analogous behavior.®® This be-
havior could be caused by the fact that two close absorption
bands, between which there exists a vibronic interaction, are
present in the region of the long-wavelength SPA of the
transisomer of PNTI.

Baranov et al.*® were also able to estimate correctly for
PNTI the contribution of the adsorbed dyes to the enhance-
ment of the second harmonic of the sol + dye system. The
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FIG. 12. Diagram of the HRS process in fourth-order perturbation theo-
ry. Hep and Hy, are the electron-photon and electron-phonon interac-
tions, @, and e, are the frequencies of the exciting and scattered light, and
Q) is the phonon frequency. The contribution of the electron is illustrated.

intensity of scattering into the second harmonic (SSH) was
measured in parallel with the intensity of RHRS for PNTI as
a function of the additional irradiation. It was found that
when the efficiency of RHRS changed by an order of magni-
tude the SSH signal remained virtually constant. From here
it may be concluded that the increase in SSH in the colloidal
silver solutions employed is caused primarily by the silver
particles themselves.

2.3.Solid crystalline bodies

In order to understand better the experimental data
presented below we shall make some general remarks about
the process of HRS in solids. The process can be represented
as a sequence of four electronic transitions (Fig. 12), in-
duced by the electron-photon (Hg, ) and electron-phonon
(Hy, ) interactions: a) electron-hole (e-h) pairs are created
as a result of the interaction of an excitation photon (w,)
with the crystal; b) under the action of the second photon
(which, for simplicity, has the same frequency w;) the e-h
pair passes into a new electronic state; ¢) the interaction of
the electron (or hole) with the crystal lattice results in the
formation of a photon () and the transfer of the e-h pair
into a new electronic state; and, d) annihilation of the e-h
pair gives rise to the emission of the scattered photon (w, )
and the system returns into the initial electronic state. The
possible diagrams for the three-band scheme of HRS in the
case of intra- and interband Hy, for electrons and holes are
constructed in Figs. 13a—d. The correspondence of the real
energy bands to these schemes must be studied separately in
each specific case. Thus for centrosymmetric media, when
the phonons and the electronic states at the singular points
of the Brillouin zone have a definite parity, the HRS process
is allowed in the dipole approximation only if Hy; couples
different bands.

In the literature there are no detailed calculations of the
components of the tensor of HRS by phonons under reso-
nance conditions of excitation of the spectra. Resonance ef-
fects in HRS of crystals can be understood qualitatively by
using the expression for the components of the HRS ten-
sor,® retaining only the resonance terms, corresponding to

FIG. 13. The diagrams of the three-band scheme of HRS for the elec-
tronic (a, ¢) and hole (b, d) contributions in the case of intraband (a,
b) and interband (c,d) H, . The transition sequences are indicated. v,
and ¢, are, respectively, the valence bands and the conduction bands.
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the diagrams in Fig. 13, and taking into account phenom-
enologically the finite width of the intermediate states. In
this case the component of the HRS tensor has the form
Bijr =C 2 v - dg‘vMIﬂd’ﬂadgo‘ - :
Py (EY — hwy—il',) (EP — 2ho,; — iT'y) (E%— hog— iTy)
(2.3)

where the indices i and j refer to the incident light, the index
k refers to the scattered light, the index O refers to the initial
state, the indices ¢, 3, and y refer to the intermediate states,
d!,, are the matrix elements of the dipole moment of the
transition m — n, associated with Hgy, M,,, is the matrix
element of the electron-phonon interaction in the transition
m—n, Cis a constant, and #iw, = 2hw,; — #Q}.

The expression (2.3) is structurally identical to the
term B in the expression (1.7) for the component of the
RHRS tensor for molecules. The additional factor in the
denominator describes the so-called “output” resonance,
when the frequency of the scattered light (e, ) is close to the
frequency of the electronic transition, and is analogous to
the factor in the expression for the cross section for RRS
derived in the static approximation.®® Just as in RRS, the
specific form off3;, is determined by the properties of the
intermediate states—discrete (excitons, levels due to size
quantization) or continuous—which arise, for example, due
to the weakly coupled e-h pairs, and the type of electron-
phonon interaction.®

Since the first observations of resonance effects in
RHRS were made in Refs. 14, 67, and 68 and later extended
in Ref. 69 in an investigation of a single crystal of CdS, we
shall start our review of the results precisely with this semi-
conductor material, which has the same structure as wurt-
zite with the space symmetry C¢, . The RHRS spectra were
obtained at an angle of 90° to the incident beam for different
scattering geometries. The pulsed radiation with 1 = 1064
nm from a YAG:Nd * 3 laser (the pulse P = 30-500 kW and
the pulse repetition frequency was equal to 50 Hz) was used
to excite the spectra. The spectral measurements were per-
formed with an MDR-2 monochromator with strobed pho-
toelectronic recording.

Figure 14b shows the spectrum of the crystal under
study in its geometry (following the notation of Porto) z(yy,
z + y)x.%° In other geometries the spectra also contain only
two lines. The fact that this spectrum differs sharply from
the RRS spectrum, obtained with close resonance conditions
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FIG. 14. The RRS spectrum (z, (y,y) x geometry) (a) and the RHRS
spectrum (z (yv,z + y) x geometry) of a CdS crystal. (From Ref. 69.)
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of excitation (Fig. 14a), proves, in our opinion, that it be-
longs to RHRS.

The position of the long-wavelength limit of the absorp-
tion band of CdS (2-10* cm ~ ! at 300 K) depends on the
temperature: It shifts toward longer wavelengths as the tem-
perature increases. This behavior was employed by Poli-
vanov and Sayakhov in Ref. 14, and in addition they record-
ed a quadrupling of the integrated intensity of RHRS as the
band limit approached the doubled energy of the excitation
phonons (2%w, = 18793 cm ') as the temperature of the
crystal was increased from 173 to 400 K. It was also ob-
served that the relative intensity of the anti-Stokes compo-
nent with a frequency of 305 cm ~ ' is higher than expected
for the corresponding temperature of the sample, while the
intensity of RHRS decreases from the quadratic dependence
on the pumping field, and approaches saturation. In Refs. 14
and 67-69 these features were ascribed to the resonance con-
ditions of excitation of the spectra: the increase in the inten-
sity of RHRS was ascribed to the fact that the photon ener-
gies 2fiw; and fiw, approach the actual absorption bands and
the higher than theoretical intensity of the anti-Stokes com-
ponent was ascribed to the fact that the resonance for it is
sharper than that of the Stokes component (the third factor
in the denominator of the expression (2.3)), while the ten-
dency toward saturation was ascribed to the effect on the
RHRS of the two-photon absorption of the scattered radi-
ation in the field of the exciting radiation.

The vibrational representation for the optical modes of
the CdS crystal, which has the form T'=4, (RS,
HRS, IR) + 2B,(HRS) + E,(RS, HRS, IR) + 2E,(RS,
HRS), " leads to the expectation that the HRS spectrum will
contain eight lines (the dipole modes A, and E, splitinto LO
and TO components). In the geometries of the experiment
employed in Refs. 14 and 67-69, lines of both components
with symmetry A, and E, as well as the modes B, and E,
should be present in the HRS spectra. Nonetheless only the
lines of the LO phonons with symmetry A, and E,
(~305 ¢cm ') and the line of the mode E, (~43 cm ')
were observed in the RHRS spectra. The TO phonons and
theline at the frequency 20, , (the strongest linein the RRS
spectrum; see Fig. 14a) could not be recorded, even when
the sensitivity of the apparatus was increased by two orders
of magnitude.

The fact that TO phonons are not present in the RHRS
spectrum was attributed by the authors to the fact that the
Frohlich mechanism of electron-phonon interaction plays
the dominant role in the scattering process, and the absence
of a line at the frequency 2}, ,, is discussed on the basis of the
excitonic nature of the electronic states that are important
for RHRS and on the basis of the cascade mechanism of
formation of scattering at the frequencies n), , by analogy
to the model proposed in Ref. 71 for describing RRS in CdS.
In this case the electronic states acquire a definite parity, and
if RHRS at the frequency {2, corresponds to the allowed
two-phonon transition (p —s), then at the frequency 2Q , it
corresponds to the forbidden (s—s) transition and it there-
fore is distinguished by low intensity. Based on the last as-
sumption it should be expected that the maxima of the exci-
tation spectra for RHRS should coincide with the position of
the 2p-level of the exciton. We note that if this model is cor-
rect, then Hg, should have an interband character.

In connection with the foregoing presentation, it is nat-
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ural to study the results concerning the properties of RHRS
spectra of ultradispersed bimodal mixed CdS, Se, , crys-
tals in a glass matrix,whose vibrational representation and
selection rules are the same as those of CdS.”” The smallness
of the crystals (approximated by spheres), whose radii
range from 12 to 504, depending on the composition and
heat treatment, results in size quantization of the energy
bands,”® when out of all possible wave vectors of the elec-
trons and holes only those satisfying the equality
k,. = @,./a are allowed, where ¢,, are the roots of the
spherical Bessel function of order / and a is the radius of the
particle. This results in the fact that in the absence of Cou-
lomb interaction between the electron and the hole the ab-
sorption coefficient of a single sphere K(w) is equal to

K(m):AIZ(.‘Zl—}—l)ﬁ(hm-—Eg—- ﬁk’-"), (2.4)

2§
where o is the frequency of the light, E, is the energy band
gapin the macrocrystal, y is the reduced mass of the electron
and hole, and A4 is a constant.

Thus the bands decompose into a number of discrete
levels and the particle acquires an atom-like absorption spec-
trum in which the lowest energy of the transition is shifted
toward values higher than E, . The size-dispersion of the par-
ticles, which is obtained when the particles are formed from
the supersaturated solid solution in a glass silicate matrix,
results in the fact that the absorption spectrum of real sys-
tems is inhomogeneously broadened. Light filters from the
catalog of colored optical glasses with thermally induced
coloration (OS-13 and -14 and KS-10, -11, and -14) were
found to be suitable for investigating RRS and RHRS. Since
the position of their absorption edge depends on the compo-
sition (Fig. 15) and frequency-tunable lasers are not avail-
able this raised hopes that it would be possible to obtain quite
sharp resonances for both types of scattering spectra. At the
same time the arbitrary orientation of ultradispersed parti-
cles in a matrix made it possible to obtain a complete collec-
tion of vibrational modes allowed for RRS and RHRS pro-
cesses. The experimental apparatus and conditions are
analogous to those employed in the investigation of adsorbed
dyes (Sec. 2.2).

Absorption, arb. units

N

Py 1 A
500 550 600 650
A, nm

FIG. 15. The long-wavelength SPA edge of glasses containing
CdS, Se, _, particles: /-5) OS-13 and -14 and KS-10, -11, and -14, re-

spectively. The position of the doubled frequency of the exciting radiation
is indicated.
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FIG. 16. a—¢) the RHRS spectra of the glasses OS-13, -14, KS-10, -11, - 14,
respectively; the wavelength of the exciting light was equal to 1064 nm. f)
RRS spectrum of KS-10 glass; the excitation wavelength was equal to 532
nm. The frequencies are given in cm ™'

f

The RHRS spectra and, for comparison, the typical
RRS spectrum of the glasses studied are presented in Fig. 16.
For all systems it is evident that the frequencies and distribu-
tion of intensities are close and (with the exception of KS-10
and -11) the set of spectral lines is identical. In the latter two
cases it was possible to record an additional line at ~325
cm

In agreement with Ref. 70 the lines at 200 and 290
cm ~ ' must be ascribed to LO phonons with A (E,) symme-
try, and the high-frequency lines (~400, 490, and 570
cm ~ ') must be ascribed to their overtones and combination
vibrations, whose relative intensity, in contrast to the data of
Ref. 71, islow and, as one can see, remains virtually constant
from one sample to another. The lines which could be as-
cribed to TO phonons are not observed in either the RRS
spectra or the RHRS spectra. This indicates that Hy; of
Frohlich type predominates in the scattering processes. The
absence of the ~325 cm ~ ! line in the RRS spectra of CdS,
CdSe, and CdS,Se, _ . micro- and macrocrystals made it
possible to ascribe it to a mode of B, symmetry, allowed by
the selection rules only for HRS. Its appearance in the
RHRS spectra of only two of the samples indicates that the
excitation spectrum of RHRS by the B, mode is different
from that by the LO component of the dipole mode A | (E,).
This could be caused by the predominance of Hy; of the
deformation potential type in the scattering by the nondipole
B, mode and (or) randomly realized conditions of sharp
resonances with narrow excitation spectra, in contrast to the
A, mode, which is observed for all samples.

The foregoing discussion shows that the excitation
spectrum of RHRS contains fundamentally new informa-
tion about its features. These features were first obtained by
Watanabe and Inoue’*”* in an investigation of a single crys-
tal of SrTiO;. This material was chosen because SrTiO, has
been well studied by different methods, including also with
the help of nonresonance HRS spectroscopy. ’®”’ At the tem-
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perature of the sample (120 K ), used in Refs. 74 and 75, the
SrTiO; crystal is in a cubic modification with the point sym-
metry group O,, i.e,, it is centrosymmetric. The optical vi-
brational representation has the form I’ =3F, (IR,
HRS) + F,, (HRS). The LO-TO splitting of the F,, mode
results in the appearance of seven lines in the HRS spectra.
These lines were observed in the 90°-scattering geometry.”’
The LO phonons are forbidden in the backscattering geome-
try.”® The limit of the energy gap lies near 3.46 eV.

The HRS spectra were obtained by excitation with
pulsed dye-laser radiation (the pulse power P~ 15 kW and
the pulse repetition frequency f~20 Hz) with the doubled
photon energy 24w, varied over the range 2.95-3.48 eV. The
“forward”’* and “‘backward”’® scattering geometries were
employed. The excitation spectra were measured with exci-
tation pulses having constant power of about 10 kW and
taking into account the spectral dependences of the index of
refraction and the absorption coefficient in agreement with
Ref. 65 as well as the spectral sensitivity of the entire system
‘of instrumentation and the »* law.

Figure 17 shows the spectrum of the preresonance HRS
of the SrTiO; crystal. This spectrum was obtained in the
“forward” geometry with 2fiw, = 3.08 eV. The inset in Fig.
17 shows the single-photon absorption spectrum of the crys-
tal at a temperature of 121 K. Three optical modes TO-1,
TO-2, and LO-3 (in the designation used in Ref. 74) as well
as structure in the region ~ 1500 cm ', associated with the
polariton mode, can be seen. Figures 18a and b show the
excitation spectra of RHRS of TO-1 and LO-3 modes, re-
spectively. It is obvious that the two excitation spectra differ
in significant features: the intensity of RHRS by the TO
mode grows monotonically as 27w, approaches the limit of
the energy gap, whereas RHRS by the LO mode remains
virtually unchanged under preresonance conditions, when
2fiw; < 3.3 eV, and grows rapidly in the region 2%w, >
3.3 eV. In addition, special features are observed in both
excitation spectra near 3.3 eV.

In the nonresonance HRS spectrum of the crystal, re-
corded in the ‘‘backscattering” geometry (27w, =2.32
eV),” the intensity of the LO-mode is very low compared
with that of the TO-1 mode (Fig. 19a), but as 2w, increases
its intensity starts to increase at a leading rate (Fig. 19b);
this is characteristic for resonance enhancement of the inten-
sity of forbidden LO scattering, an effect that is well known
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FIG. 17. The HRS spectrum of SrTiO; in the “forward” geometry; the
excitation photon energy 2#iw, = 3.08 eV. Three optical and a polariton
modes are marked. The SPA-spectrum of the crystal at 121 K is shown in
the inset. (From Ref. 74.)
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FIG. 18. HRS excitation spectra of SrTiO;. a) TO-1 mode, b) LO-3 mode.
The lines are drawn for convenience. (From Ref. 74.)

in the RRS spectroscopy of solids.®* From the excitation
spectrum of the RHRS by the LO-3 mode, presented in Fig.
20, one can see that as the band limit is approached the inten-
sity of RHRS increases by up to a factor of ~10°. In addi-
tion, the excitation spectrum contains a sharp feature near
3.05 V. Finally, it was found that the intensity of RHRS by
the LO-mode is virtually independent of the polarization of
the exciting radiation, while in RRS the polarization of the
forbidden LO-scattering is identical to the polarization of
the exciting radiation.

To interpret the features of RHRS by the SrTiO; crystal
in the “forward” scattering geometry (see Figs. 17 and 18)
Watanabe and Inoue’ proposed that the RHRS process pro-
ceeds according to the diagram shown in Fig. 13d. They start
from the fact that in a centrosymmetric medium Hy; has an

T0-1
|
200}
a
100 -
2 2 rp-5 L0-3
T | | |
5 g . e el
z 0 200 <00 600 800 om-
2
2
£ .
_g TOI'f L?'S
§40-
b
20t
0 500 1000 7500 cm—1

FIG. 19. The HRS spectra of SrTiO, in 2(xx, x + y)z geometry. a) Exci-
tation with 2#w, = 2.32 eV; b) excitation with 2w, = 3.28 ¢V. (From
Ref.75.)
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FIG. 20. HRS excitation spectra of SrTiO; on the LO-3 mode (From Ref.
75.)

interband character, and the hole contribution predomi-
nates because the region of the valence bands contains a band
v, which has the appropriate symmetry, is split for the v,
band by ~ 1-2 eV, and could play the role of a quasiresonant
intermediate state. The differences in the excitation spectra
of RHRS by TO-1 and LO-3 modes are connected with the
fact that for the former Hy, is of a deformation character
while for the latter Hg, is of a Fréhlich character. Watanabe
and Inoue™ also make the assumption (generally speaking,
not adequately substantiated) that the features observed in
the excitation spectra of RHRS of both modes near 3.34 ¢V
are determined by indirect transitions. This question, how-
ever, for the time being must be regarded as open.

The resonance enhancement of the intensity of RHRS
by the LO-mode in a geometry, when it is forbidden for the
nonresonance HRS (see Figs. 19 and 20), is compared in
Ref. 75, by analogy to RRS, with the intraband Hg; of the
Frohlich type, i.e., with the process corresponding to the
diagrams @ and b in Fig. 13. But, since the SrTiO; crystal has
acenter of inversion, to remove the prohibition of transitions
in RHRS it is proposed that at least one of the Hg; is a
quadrupole interaction. Although it would be possible to
explain on this basis the results of the polarization measure-
ments, this assumption still seems to be doubtful: it is diffi-
cult to accept that the intensity of RHRS by the TO-mode is
comparable to that of the LO-mode, for which a process of
higher order is responsible. In Ref. 75 the possible scattering
channels, including channels taking into account the pres-
ence of impurity levels as intermediate levels, are also stud-
ied. They can also determine the resonance features, men-
tioned above, in the region ~ 3.05 eV. The final resolution of
these questions requires further investigation.

In conclusion we shall briefly discuss two investigations
where the RHRS spectrum of crystalline LiTaO, in its tetra-
gonal phase was obtained. ’®” Not only the results but also
the particular features of the experiment themselves are of
interest. Copper-vapor laser radiation at 578.2 and 510.6 nm
was used for the first time to excite RHRS in the Stokes
region. The spectra were observed in the region of the dou-
bled frequency of the laser at the first wavelength and at the
sum of the two frequencies with pulse power P = 20 kW and
pulse repetition frequency f= 8 kHz. It is found that the
recorded spectra differ from the RRS spectra only in that the
intensity distribution is different.
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CONCLUSIONS

The resonance-HRS spectroscopy is a new method for
studying the vibrational and electronic structure of mole-
cules and solids. In contradistinction to nonresonance HRS,
this method yields information not only about molecular vi-
brations or phonon frequencies in solids but also about some
parameters of the electronic transitions (single- or two-
phonon transitions) with which the exciting radiation is in
resonance.

This information can be extracted from RHRS spectra
and, especially, from the excitation spectra of RHRS with
the help of the vibronic theory of the process, in which the
relation between the intermediate states active in the scatter-
ing and the intensities of the lines in the RHRS spectra was
established. If, in particular, the excitation is performed in
the region of the intense TPA band of the molecules, then
predominantly the bands corresponding to the totally sym-
metric vibrations are intensified in the spectrum; when exci-
tation is performed in the weak TPA band, coupled vibroni-
cally with the strong band, the bands of those nontotally
symmetric vibrations which mix the corresponding elec-
tronically excited states will have the highest intensity.

The vibronic theory of RHRS by molecules was devel-
oped by analogy to the vibronic theory of RRS. A number of
its conclusions (the fact that the bands of vibrations of some
particular symmetry are predominantly intensified depend-
ing on the relative intensity of the active electronic transi-
tions, the ratio of the intensities of the totally symmetric and
nontotally symmetric vibrations, the bands of the first and
second orders, etc.) are comparable to the results of the the-
ory of RRS. Because of the different number of photons in-
volved in the processes the results of the two theories differ
significantly in a number of respects (antisymmetry of the
tensors and selection rules).

The correctness of the theory of RHRS by molecules is
confirmed by many examples of molecules in the gas phase
and adsorbed on the surface of ultradispersed particles of
silver. Experimental investigations have made it possible to
obtain new information that could not be obtained by other
methods.

There is still no theory of RHRS in solids, so that it is
often difficult to interpret the RHRS bands and the corre-
sponding excitation spectra. Nevertheless analysis of the ex-
perimental studies of RHRS in solids indicates that it may be
possible to extract information about the types of vibrations
in crystals, the parameters.of the electronic states participat-
ing in the scattering, and the types of electron-phonon inter-
actions. The successful development of RHRS spectroscopy
here requires primarily the construction of an adequate the-
ory of the process.

In spite of the fact that resonance conditions of excita-
tion sharply increase the efficiency of the HRS process, the
absolute intensities of the signals are very low and highly
sensitive apparatus is required to record them. The optimal
sources of excitation for systematic investigations are fre-
quency-tunable sources in the visible and near-IR regions of
the spectrum with relatively low pulse power, limited by the
photochemical processes occurring in the samples, but with
sufficiently high average power; this is achievable with high
pulsed repetition frequencies. For luminescing objects, just
as for RRS, the problem of discrimination of luminescence
must be solved.
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A great deal of information can now nonetheless be ob-
tained by the RHRS method and further investigations in
this direction should be expected. There is no doubt that
RHRS will become an important method of investigation of
the vibrational and electronic structure of molecules and sol-
ids.
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