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The main results are given of the experimental and theoretical investigations demonstrating the
capabilities and characteristics of the spectroscopy utilizing spontaneous Raman scattering of light by
polaritons. The following topics are considered: polariton dispersion; frequency-angular scattering spectra;
experimental methods; intensity and line shape of scattered light; relationship of the Raman scattering of
light by polaritons to the Raman scattering by optical phonons, to second harmonic generation, and to
the linear electrooptic effect; characteristics of polariton spectra due to free carriers, localized modes,
energy bands of two-particle states, and gyrotropy of crystals; coherent anti-Stokes Raman scattering of
light by polaritons.

PACS numbers: 78.30. - j , 71.36. + c, 42.65.Cq

CONTENTS

1. Introduction 805

2. Polariton dispersion 806
a. Cubic diatomic crystals 806
b. Cubic polyatomic crystals 808
c. Uniaxial diatomic crystals 808
d. Biaxial polyatomic crystals 809

3. Frequency-angular spectra of Raman scattering of polaritons 809
a. Influence of exciting radiation wavelength 810
b. Frequency-angular spectra of anisotropic crystals 811
c. Frequency-angular spectra in the case of polariton attenuation 814

4. Experimental methods for investigating Raman scattering by polaritons 815
a. Photographic method 815
b. Photoelectric method 818

5. Intensity of Raman scattering by polaritons 819
a. Integrated scattered-light intensity 819
b. Profile of Raman lines for scattering by polaritons 820

6. Relationship of Raman scattering by polaritons, to Raman scattering
by optical phonons, second harmonic generation, and linear electrooptic effect 821

7. Some characteristics of polariton spectra 822
a. Influence of free carriers 823
b. Influence of localized modes 823
c. Interaction of polaritons with energy bands of two-particle states 824
d. Polariton dispersion in gyrotropic crystals 826

8. Coherent anti-Stokes Raman scattering by polaritons 826
9. Conclusions 828
References 828

1. INTRODUCTION

The recent rapid growth of investigations of the prop-
erties of elementary excitations in crystals owes its
origin to the introduction of lasers in optics. Raman
scattering of light has become one of the main investiga-
tion methods. The last few years have seen intensive
investigations of the Raman scattering of light not only
by optical phonons (this has also been done earlier) but
also by polaritons, which can be observed only when la-
ser excitation sources are used.

Raman scattering has now become an effective method
for investigating the characteristics of the spectra of
polariton' excitations and of their changes as a result of
interactions of polaritons with other elementary excita-
tions and with many-particle states in solids. Studies
of Raman scattering by polaritons have given informa-
tion oh important parameters of solids, such as the dis-
persion of the permittivity and of the nonlinear suscep-
tibility, which describes the scattering intensity over a

wide spectral range including lattice resonances. More-
over, such investigations have helped in the develop-
ment of tunable stimulated radiation sources emitting
in the medium and far infrared as a result of stimulated
Raman scattering by polaritons or as a result of gener-
ation of difference frequencies in the polariton part of
me spectrum.

Raman scattering of light by polaritons was first ob-
served experimentally in 1965 by Henry and Hopfield,1

who studied a cubic crystal of GaP. Since that time, .
experimental studies of Raman scattering have been
made in cubic, uniaxial, and biaxial crystals. The in-
vestigated cubic crystals include gallium phosphide GaP
(Refs. 1 and 3), gallium arsenide GaAs (Ref. 4), sodium
chlorate and bromate NaCIO, and NaBrO3 (Ref. 5), hex-
amethylenetetramine (CH2)gN4 (Ref. 6), ammonium
chloride NH4C1 (Refs. 7 and 8), as well as centrosym-
metric cubic crystals of strontium titanate SrTiO3 (Ref.
10), and potassium tantalate KTaO, (Ref. 10), in which
the Raman scattering of light is activated by an external
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electric field. The uniaxial crystals include zince oxide
ZnO (Refs. 2 and 23), quartz a-SiO2 (Refs. 11 and 12)
and /3-SiO2 (Ref. 12), lithium niobate LiNbO3 (Refs. 13-
22), barium titanate BaTiO. (Refs. 24-27, 103, 118,
and 119), lithium iodate LiIO3 (Refs. 28-40), zince sel-
enide ZnSe (Refs. 41 and 42), lithium tantalate LiTaO3

(Refs. 43-45 and 113), potassium cyanocuprate
K,Cu(CN)4 (Refs. 46, 47, and 49), cadmium sulfide CdS
(Refs. 50 and 51), beryllium oxide BeO (Ref. 52), bari-
um nitrite Ba(NO2)2 ·Η2Ο (Ref. 53), and paratellurite
TeO2 (Ref. 163). The following biaxial crystals have al-
so been studied: iodic acid a-HIO3 (Refs. 54-57), bari-
um-sodium niobate Baj,NaNb5O15 (Ref. 58), potassium-
barium-sodium niobate K1. rNa rBa2Nb5O1 5 (Ref. 59),
metadinitrobenzene CeH4(NO2)2 (Ref. 61), metanitro-
aniline NOa-CeH4-NHa (Ref. 62), potassium niobate
KNbO3 (Refs. 63-67), lead titanate PbTiO3 (Ref. 68),
lithium formate LiCOOH ·Η2Ο (Refs. 60, 80, and 81),
and barium formate Ba(COOH)2 (Ref. 78).

In this connection it is also worth mentioning the pa-
rametric scattering of light, which is effectively the
Raman scattering of light by polaritons of the "photon-
like" part of the upper polariton branch. Parametric
scattering was first discovered in 1967 independently at
three universities: Moscow,114·115 Stanford,116 and
Cornell.117 In these first experiments the scattering of
light was observed in crystals of potassium dihydrogen
phosphate KH2PO4 (Ref. 114), lithium niobate LiNbO3

(Refs. 115 and 116), and ammonium dihydrogen phos-
phate NH4H2PC4 (Ref. 117). A review of some of the
work on parametric scattering of light can be found in
Refs. 83 and 139.

We shall systematically review, on the basis of the
published experimental and theoretical results, the
main ideas necessary for the understanding of the char-
acteristics and potentialities of the spectroscopy of the
spontaneous Raman scattering of light by polaritons.
We shall also describe the methods for experimental in-
vestigation of this scattering. The stimulated scattering
of light by polaritons deserves a separate review and it
will not be discussed here.

2. POLARITON DISPERSION

Some optical vibration modes of the crystal lattice in-
duce electric polarization. They are called the polar
vibrations. These vibrations are accompanied by the
appearance of electromagnetic waves which interact
strongly with mechanical vibrations. The equations of
motion for the polar vibrations should therefore de-
scribe both the displacements of ions relative to one
another and the components of the associated electro-
magnetic field.

a) Cubic diatomic crystals

These equations of motion were first solved simultan-
eously by Born and Huang" for the diatomic lattice of a
cubic ionic crystal. The equations of motion for this
lattice are as follows:

divD = 0,

curlE=—— H,
c

divH = 0, (2.1)

where w = uV»w1ma/(»w1 +m2); u is the vector represent-
ing the displacements of the two sublattices relative to
one another; m1 and m2 are the masses of the atoms;
6U, 612, fij!, and 622 are certain coefficients; the rest
of the notation is standard.

The equation for the relative displacements of ions and
the Maxwell equations describe the simultaneous
(mixed) optical vibrations of an ionic crystal and oscil-
lations of the associated electromagnetic field. There-
fore, this system of equations makes it possible to take
into account, in the simplest form, the interaction be-
tween photons and optical phonons.

It is known from electrodynamics that the displace-
ment field w can be eliminated from the Maxwell equa-
tions by introducing the permittivity of the medium ε
relating the time-dependent Fourier components of the
vectors D and E:

D (ω) = e (ω) Ε (ω). (2.2)

We shall seek the solution of the system (2.1) in the
approximation of plane monochromatic waves, i.e., we
shall assume that w, P, E, and Η all vary proportional-
ly to expfik τ - ut]. In this case, we find from Eq.
(2.1) that

[kxE] = —H,

ι, (k-H) = O,

[kx H ] = - — ( Ε + 4πΡ) = - — 1
(2.3)

Hence, using Eq. (2.2), we can write down the follow-
ing expressions for w, P, and D:

(2.4)

(2.5)

•M. (2.6)

It follows from Eq. (2.6) that

ε<ω) = 1 + 4 π ( , , 2 - ί 2 ^ 1 . (2.7)

We shall compare this expression with the dispersion
formula for the permittivity:

e«H—! j-ωξ, (Δ.Ο)

where ε0 is the static permittivity; ε«, is the permittiv-
ity at frequencies much higher than ω0 but lower than
the electron transition frequencies (subject to certain
restrictions, we can regard ε«, as the square of the opti-
cal refractive index); w0 is the natural frequency of a
dipole-active vibration of the crystal lattice; S is the
oscillator strength of the vibration. A comparison of
Eqs. (2.7) and (2.8) gives

(2.9)

The solution of the system (2.3) represents a combina-
tion of longitudinal and transverse waves. In fact, using
Eq. (2.5), we can transform the third equation of the
system (2.3) to

4^O. (2.10)
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Hence, we have two possibilities:

A. ! + * * * , — ^ & | — 0 . (2.11)

B. (k-E) = 0. (2.12)

We shall first consider case A. The condition (2.11)
implies, in accordance with Eq. (2.6), that D =0. In this
case it follows from the last equation of the system (2.3)
that [k xH] = 0 , which means that Η =0 and this in turn
gives f k xB ] = 0. Since Β Φ 0 [the condition Β = 0 gives
only a tr ivial solution of the system (2.3)], we may con-
clude that Ε | |k. In this case it also follows from Eqs .
(2.4) and (2.5) that P | | k and w| |k . Thus, case A c o r r e s -
ponds to longitudinal optical (LO) vibrations whose fre-
quencies a r e governed by the solution of Eq. (2.11) and
hence, using Eq. (2.9), we obtain

(2.13)

where wL is the frequency of a longitudinal optical pho-
non.

Case Β corresponds to transverse optical (TO) vibra-
tions Β xk, P.Lk). The dispersion relationship for the
transverse vibrations can be obtained by multiplying
vectorially the penultimate equation in the system (2.3)
by k and applying the identity

[kxfkxE]] = k(k-E)- k'E.

Finally, eliminating from the resultant equation the val-
ue of Η and using Eqs. (2.2), (2.8), and (2.12) we find
that

fc' (2.14a)

which, together with Eq. (2.13), can also be written in
the form

ωΐ — ω2

(2.14b)

The above relationship gives the frequency of the trans-
verse optical vibrations which depends on the wave vec-
tor k.

The dispersion relationship or law (i.e., the depen-
dence of the frequency ω on the wave vector k), de-
scribed by Eqs. (2.13) and (2.14) is represented in Fig.
1 for the range of low values of the wave vectors cor-
responding to the center of the Brillouin zone (k « π/α,
where a is the lattice period). The continuous horizon-

tal line 1 represents the solution of (2.13) for the longi-
tudinal vibrations (uiL) and the longitudinal optical pho-
non branch. The continuous curves 4 and 5 correspond
to the solution of Eq. (2.14) for the transverse vibra-
tions. The dashed lines 2 and 3 give the dispersion of
an electromagnetic wave (photons) and of the transverse
optical phonons (a>0 a ωΤ), respectively, in the case
when the interaction between them is not taken into ac-
count.

An interesting feature of the dispersion relationships
of photons and phonons is that their graphs (the dashed
lines 2 and 3 in Fig. 1) intersect. At the point of inter-
section (ω = ω0 and k = kns) the frequencies and wave vec-
tors (wavelengths) of the different vibrations (oscilla-
tions) are identical. Therefore, even a weak interaction
between them should give rise to a resonance which can
have a considerable influence on the electromagnetic
and mechanical processes in the investigated system.

In fact, the interaction between photons and phonons
in a crystal gives rise to the appearance of two branch-
es represented by the continuous curves 4 and 5 in Fig.
1. It is clear from this figure that at frequencies ω»ωι

the upper dispersion branch reduces to the dispersion
branch of photons in a crystal described by w = kc/VtZ.
Electromagnetic waves which have these frequencies in
a crystal cannot set the lattice in motion because of its
inertia. In this case the oscillation (vibration) energy
is of electromagnetic nature. In the limit k — 0 the fre-
quency of the transverse lattice vibrations, described
by the upper dispersion curve (4 in Fig. 1) tends to the
frequency of the longitudinal optical phonons (ω — ωί)
and the quantum energy is fundamentally mechanical.

At frequencies α>« ω0, the lower branch (curve 5 in
Fig. 1) is described by the dispersion relationship of
electromagnetic waves in a medium with a certain static
permittivity (Fig. 1). At such very low frequencies the
lattice can follow completely the electromagnetic oscil-
lations and this simply reduces the electromagnetic
wave velocity. However, since the frequency is far
from resonance, the mechanical displacements of the
ions are small and the energy of the resultant excita-
tions is basically electromagnetic. Conversely, if ω
-&>0,fc»£res, the ion displacements are large and the
quantum energy of the excitation is mechanical.1' How-
ever, in the intermediate range of wave vectors k
(k~kKS) the transverse lattice vibrations are mixed with
electromagnetic oscillations. The energy of such a
mixed state is of electromagnetic—mechanical nature
and the corresponding quanta are known as polaritons.

Thus, photons and phonons in a medium can be re-
garded as the limiting cases of polaritons and, in gen-,
eral, polaritons describe the dispersion of real photons
in a medium if it exhibits polar (dipole-active) vibra-
tions.

FIG. 1. Dispersion of longitudinal (1) and transverse (4, 5)
optical vibrations in a diatomic cubic crystal near the center of
the Brillouin zone (fe« τ/α) calculated allowing for the inter-
action between photons and polar optical phonons.

l )The frequency range between ω0 and wL corresponds to ε < 0;
electromagnetic radiation whose frequency falls within this
interval is not transmitted by a crystal. A strong optical r e -
flection band is observed in this range. Surface waves which
can exist at these frequencies are discussed in detail in the
relevant reviews87·88 and will not be considered here.
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b) Cubic polyatomic crystals

The number of optical phonons in a crystal containing
s atoms in a unit cell is 3 s - 3 (Ref. 70). The first gen-
eralization of the Huang model to the case of polyatomic
cubic crystals was made by Barker71 in 1964. Let us
assume that out of 3s - 3 optical phonons there are η
phonons which are nondegenerate polar vibrations. Ac-
cording to Barker,71 generalization of Eqs. (2.8), (2.13),
and (2.14) then gives

and

(2.15)

(2.16)

(2.17)
/-I

Equation (2.16) is known as the generalized Lyddane-
Sachs-Teller (LST) relationship.

By way of illustration, Fig. 2 shows the polariton dis-
persion for a cubic crystal with three polar vibrations
(ωΓ 1, ωη, and ωΓ3) and one nonpolar vibration ω4,
which does not interact with photons.

c) Uniaxial diatomic crystals

In considering uniaxial diatomic crystals we have to
decompose the vectors w, E, and Ρ in Eq. (2.1) into two
components:

where the symbols χ and || denote the components of the
vectors along directions perpendicular and parallel rel-
ative to the optic axis. In this case the solution of Eq.
(2.14) can be divided into two parts, as described below.

1. When the vectors w, E, and Ρ are perpendicular
to the optic axis, we find that for any direction of the
wave vector k:

(2.18)

The modes corresponding to this solution were called by
Loudon72 the ordinary polaritons, by analogy with the
ordinary photons whose refractive index is independent
of the direction of photon propagation in a uniaxial crys-

tal.

2. The second solution does not have such a simple
relative configuration of the vectors w, Ε, and Ρ rela-
tive to the optic axis and to the wave vector k. In this
case the dispersion relationship is

ω* (2.19)

where ε±(α>) is given by Eq. (2.18) and ε,,(ω) is described
by an analogous expression if the symbol χ is replaced
by | | ; a is the angle between the polariton wave vector k
and the optic axis. It follows from Eq. (2.19) that in
this case the polariton frequency depends not only on the
wave vector but also on its direction relative to the
optic axis of a crystal. The modes which arise in this
case were called by Loudon72 the extraordinary polar-
itons. It should be noted, that, for a = 0, Eq. (2.19) re-
duces to (2.18) and, consequently, in this case the dis-
persions of the extraordinary and ordinary polaritons
are identical.

In analyzing the dispersion of polaritons in uniaxial
crystals it is convenient to distinguish two limiting
cases: 1) when the splitting between the frequencies of
the longitudinal ω χ and transverse ωτ phonons (LO-TO
splitting) due to the long-range electric fields predomin-
ates over the induced (by the lattice potential aniso-
tropy) frequency splitting of the phonons polarized along
the optic axis (ωΓΙ,, «χ ι ι) and at right-angles to this axis
(u>Ti, uiLL); 2) the converse situation, when the aniso-
tropy-induced splitting predominates over the LO-TO
splitting. These limiting (as well as intermediate)
cases are discussed in detail in Refs. 72 and 73. There-
fore, we shall give only graphical illustrations (Figs. 3
and 4) of the results obtained in these two limiting
cases.

It should be noted that the dispersion curves of the
extraordinary polaritons intersect the horizontal lines
corresponding to the longitudinal optical phonons (com-
pare Figs. 3a and 3c with Fig. 4a). According to
Lamprecht and Merten74 such intersections can appear
only if the polariton wave vector is directed along or at
right-angles to the optic axis of a crystal. For an ar-
bitrary direction of the polariton wave vector which is
a*0 and a*9(F, there cannot be such intersection

to

WL«

"τ,

1

Ι JI
a) c)

FIG. 2. Dispersion of polaritons in a cubic crystal with three
polar and one nonpolar optical lattice vibrations.

FIG. 3. Dispersion of polaritons in a diatomic uniaxial crys-
tal in the case of predominance of the lattice potential anisot-
ropy: a) a = 0"; b) 0° < a < 90°; c) a = 90°.
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FIG. 4. Dispersion of polaritons in a diatomic uniaxial crys-
tal in the case of predominance of the long-range electrostatic
fields: a) a = 0°; b) 0° <a < 90°; c) a = 90°.

("anti-intersection of the dispersion branches"), as
shown in Figs. 3b and 4b.

d) Biaxial polyatomic crystals

Merten75 showed that the dispersion relationship for a
polyatomic anisotropic crystal is given by the general-
ized Fresnel equation

3 _ f

which, together with the equation
k'e'

= ε(ω), (2.21)

gives the polariton dispersion in a polyatomic aniso-
tropic crystal. Here, %s is the component of the unit
vector k/k along the crystallographic axis xt; ε}(ω) is
the dispersion relationship of the principal values of the
permittivity,

(2.22)

where j= 1,2, 3; my is the number of the dipole-active
lattice vibrations for which the vectors w, P, and Ε are
directed along the crystallographic axis xf; SJf i s the
oscillator strength for a transition at the frequency of a
transverse optical phonon wjf. Using the generalized
LST relationship, we can rewrite the last expression in
the form

(2.23)

We note that when the polariton wave vector lies in
one of the crystallographic planes, for example {xitxt),
the properties of the crystal resemble that of a uniaxial
one. In this case the dispersion of the ordinary polari-
tons is given by

i^-=Bv(ffl) ΠΦΙΦΙ). (2.24)

whereas the extraordinary polaritons are described by
the dispersion relationship

k'c' _ et (ω)ej (oi) /« 9 5 )

where a is the angle between the polariton wave vector
k and the crystallographic axis x{.

It thus follows that the polariton dispersion can be

found if we know: a) the principal values of the permit-
tivity zfK in the transparency range; b) the frequencies
of the transverse optical phonons wJf; c) the oscillator
strengths SJf at the frequencies wjf or the frequencies of
the longitudinal optical phonons ω£ jf. The relationship
between the sets of the parameters Slf, jf jf,
is described, for example, by the following expres-
sion:88

a n d wjf, <x>L jf

(2.26)

3. FREQUENCY-ANGULAR SPECTRA OF RAMAN
SCATTERING OF POLARITONS

The frequency-angular spectrum of the Raman scat-
tering of light by polaritons, i.e., the dependence of the
scattered-light frequency ω3 on the scattering angle φ,
is governed by the laws of conservation of energy and
momentum:2'

k,

ω 8 -f- ω,

ks + k, (3.1)

where k ;, ks, k, ω,, ω5, and ω are the wave vectors
and the frequencies of the exciting (laser) I and scatter-
ed s radiations and of the polaritons, respectively.

We shall begin by noting that the Raman scattering by
polaritons in a crystal can be observed only in the sim-
ultaneous presence of dipole-active phonons (necessary
for the appearance of polaritons) and Raman-active
phonons. The optical phonons in noncentrosymmetric
crystals have the necessary properties.

We shall now consider the problem of the scattering
geometry in which the Raman scattering of light by po-
laritons can be observed. It is clear from Fig. 1 that
the polariton frequency depends most strongly on the
polariton wave vector for h ~k r e s. Usually the optical
phonon frequency is ω Γ ~10 1 3 sec" 1 and, consequently,
km =(w r/c)/e^~103 cm' 1 . The polariton wave vector
observed in the "conventional" Raman scattering, i.e.,
when the scattering is observed at an angle of 9CP rela-
tive to the direction of the exciting radiation, is of the
same order of magnitude as the exciting photon vector,
which is k~SZk,~l(F cm"1 (Fig. 5). For these values of
the wave vector the polariton frequency depends weakly
on the wave vector and the scattering occurs effectively
on phonons, i.e., in the range where the polariton nature
of the dispersion of excitations is of little importance.
Consequently, the scattering of light by polaritons (i.e.,
by excitations with fe~103 cm"1) can be observed at
small angles φ ~k/k, ~10"2 rad (Fig. 5).

It follows that studies of the scattering of light by po-
laritons have to be carried out at small angles φ rela-
tive to the exciting radiation. A change in the scattering
angle φ then also alters the wave vector k of the polar-
itons participating in the scattering process and, conse-
quently, it alters the scattered-light frequency.

We shall now consider the frequency-angular spec-
trum of the Raman scattering by polaritons. We shall

2'For simplicity, in this section we shall consider only the
Stokes scattering, i .e., we shall assume that ω,>ω3.
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kyYTk^lO'ant'*
a) b)

FIG. 5.

rewrite the condition (3.1) in the form

* !(<o) = *:? (ω,) + k\ (ω, —ω) — 2/fc, (ω;) *, (ω, —ω) cos φ, (3.2)

where φ is the angle between the wave vectors of the
exciting k, and scattered k, radiations. For clarity, we
shall consider the frequency-angular spectrum in its
graphical form. We can do this by plotting the polariton
dispersion fe(w), as described in the preceding section.
Next, the function

5 (ω) = / 1 ft? (ύ)ι) + ft·, (ω, — ω) — 2k, (ω, — ω) fc, (ω,) cos φ | •

has to be plotted in the same graph for various fixed
values of the angle φ. The intersection of the disper-
sion curves k(u>) with the curves representing q(u>)
means that the Raman scattering of light by polaritons
does take place and the ordinates of the points of inter-
section give the dependence of the frequency of the
Stokes shift of the scattered radiation on the scattering
angle φ.

The conditions ω,» ω and us» ω are usually satis-
fied in Raman scattering. If the frequencies ω, and ws

lie in the transparency range of a crystal, then
fes(a), - ω) can be expanded as a series in ω and only the
terms linear in ω need be retained. In this case, the
expression (3.3) for cubic crystals can be rewritten in
the form

• W-/«.[^-(£) J - ' i + WSU,?· (3-4)
In practice it is usual to employ dn/dv and ν (ι> = ω/2ττο)
rather than dfe/δω and ω. In terms of the former quan-
tities, Eq. (3.4) becomes

(3.5)
When light is scattered at small angles, we can also use
the approximate expression sin%p/2)~(p2/4.

Figure 6 illustrates a graphical method for the deter-
mination of the frequency-angular spectrum of the Ra-
man scattering by polaritons in a cubic diatomic crystal
of GaP. The continuous curves in Fig. 6 represent the
polariton dispersion k{v) of a GaP crystal calculated us-
ing Eq. (2.14b). The dashed curves are graphs of the
function q(v) for various fixed values of the angle φ and
they are calculated from Eq. (3.5). The points of inter-
section of the continuous and dashed curves give the
frequencies of the Stokes shifts for given scattering
angles φ. The results of a graphical determination of
the polariton frequencies and wave vectors correspond-
ing to fixed scattering angles are given in Fig. 6 in the
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FIG. 6. Dispersion of polaritons (continuous curves) in a GaP
crystal and graphs of the function q(v) = I lc, - k , I plotted for
various values of the scattering angle φ (dashed curves).

(3.3) form of a table.

The calculations were carried out using the following
parameters of a GaP crystal:78·77 vT~367.3 cm"1, vL

= 403.0 cm"1, «,=3.315 (λ, =0.6328 μ, ν, = 15803 cm"1),
(Βη/βυ)υ=ν = 0.422X 10"4 cm, ε«, = 9.6.

It is clear from Fig. 6 that the dashed curves do not
intersect the upper dispersion branch of polaritons.
This means that the scattering of light in a GaP crystal
is impossible for polaritons belonging to the upper dis-
persion branch. This is true of any cubic crystal.3' In
fact, the slope of the asymptote of the upper polariton
branch, given by the expression dv/dk = l/2tfz^,, is
less than the slope of the straight line q(v) for φ = 0,
given by the expression dv/dq=l/{2t[n, +vt(Bn/Bv)v. ty.

Henry and Hopfield1 were the first to observe experi-
mentally the Raman scattering of light by polaritons in
a GaP crystal; they used an He-Ne laser (λ, = 6328 A).
Their experiment demonstrated clearly the dependence
of the scattered-light frequency on the scattering angle
and they found that the observed frequency-angular
spectrum was in good agreement with the calculations.

a) Influence of exciting radiation wavelength

The frequencies of the polaritons participating in scat-
tering depend not only on the scattering angle, as shown
above, but also on the wavelength of the exciting radia-
tion. This can be demonstrated by considering the scat-
tering in exactly the forward direction (φ = 0) and as-
suming that the wavelength (frequency) of the exciting
radiation is a variable quantity. In this case Eq. (3.5)
can be written in the form

ϊ(ν, ν,) = 2πν ni(vi) + vj Ι -τ—) Ι. (3.6)

3 'This conclusion is valid if the frequencies f, and v\ are lo-
cated within the normal dispersion region of a crystal. In
principle, it is possible to observe the Raman scattering of
light by polaritons of the upper branch in cubic crystals if the
frequencies vt and vs lie in the anomalous dispersion region
which is due to, for example, exclton of impurity resonances.
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FIG. 7. Frequency-angular dependences of the scattering of
light by polaritons in a cubic diatomic ZnSe crystal obtained at
various exciting radiation wavelengths.42

It is clear from this expression that a change in the
wavelength (or frequency) of the exciting radiation al-
ters the slope of the line q(v) and, consequently, the co-
ordinates of the intersection of this line with the disper-
sion branch of polaritons. This method of altering the
frequency of the polaritons active in the scattering may
be called the dispersion technique and a change in the
frequency is manifested most clearly near the absorp-
tion region of a crystal, where n, and (Βη/Βν)υ_ in-
crease rapidly as the value of vl is increased.4'

It should be noted that the slope of the line q(v) de-
creases as the wavelength of the exciting radiation is in-
creased and this is accompanied by a reduction in the
Stokes shift in the forward scattering and, consequently,
by a reduction in the range of tuning of the frequency of
light Raman-scattered by polaritons by altering the
scattering angle. It is possible to select the exciting
radiation wavelength λ, =λ/ {ν, =ν',), given by

£•) .. (3-7)

for which q{v) corresponding to φ =0 coincides with the
asymptote of the lower polariton branch and the lower
polariton branch can be observed completely for the
scattering of λ, & λ,' wavelengths at small angles. More-
over, for λ, = λ;' the condition (3.1) is obeyed immediate-
ly for a wide range of polariton frequencies in the lower
dispersion branch, and this should broaden considerably
the spectrum of light Raman-scattered by polaritons in
the forward direction. However, this may turn out to be
very useful in the coherent excitation of polaritons by
two lasers because collinear excitation may provide a
means for tuning the polariton frequency without alter-
ing the scattering geometry, i.e., it may provide fre-
quency-insensitive phase matching for the excitation of
polaritons in the lower dispersion branch.

The dependence of the frequency-angular polariton
scattering spectra on the wavelength of the exciting ra-
diation was first demonstrated experimentally for a
cubic diatomic crystal of ZnSe (Ref. 41). Figure 7
shows the dependence of the Stokes shift on the scatter-
ing angle for the excitation with argon laser radiation of
different wavelengths42 (4765, 4880, 4965, and 5145 A ) .

4'Near the absorption region of a crystal it is not always suffi-
cient to take into account only the linear terms of the expan-
sion ns(vt — v) in powers of v, as has been done in the deriva-
tion of Eq. (3. 5).

1.0

0.8

as
wo ZOO 300

FIG. 8. Dependence of the frequency of polaritons active in
the spectra of exact forward scattering (φ = 0) in a GaP crystal
on the wavelength of the exciting radiation.

The range of wavelengths used in the experimental stud-
ies of the excitation was in this case close to the ab-
sorption edge of the ZnSe crystal, where dispersion was
strong and, in agreement with Eq. (3.6), this altered
considerably the frequency-angular scattering spectra
when the wavelength of the exciting radiation was
varied.

Figure 8 shows, by way of example, the calculated
dependence of the Stokes shift (or polariton frequency)
of light scattered by polaritons in exactly forward direc-
tion on the wavelength of the exciting radiation incident
on a GaP crystal. According to Eqs. (2.14) and (3.6),
this dependence can be described by

(3.8)

The above expression was derived assuming the follow-
ing parameters of a GaP crystal:76 vT = 367.3 cm"1, vL

= 403 cm"1, and ε«, = 9.2; the refractive index data were
taken from Ref. 77.

It is clear from Fig. 8 that the frequency of the polar-
itons participating in the scattering depends strongly on
the wavelength of the exciting radiation. The lower po-
lariton branch may be observed completely in the ex-
perimental study of the scattering of light at small
angles in the wavelength range λ, £ 1.05 μ, whereas for
λ, = 1.05 μ the condition (3.7) is satisfied.

b) Frequency-angular spectra of anisotropic crystals

We shall start by considering the frequency-angular
spectra of light scattered by polaritons in uniaxial crys-
tals. We shall consider the specific example of a lith-
ium iodate (LiIO3) crystal and compare the main results
also with the experimental data obtained for other crys-
tals.

A crystal of LiIO3 has two "molecules" in a unit cell
and its space symmetry group31 is P% (C%). Conser-
quently, the total number of vibrations of the crystal
lattice of lithium iodate is 30; they can be separated in-
to the following irreducible representations:7 0·3 1 5A +5B
+ 5E1 +5E2. The acoustic phonons are represented by
the nondegenerate mode A and the doubly degenerate
mode E1. Thus, the remaining 27 optical vibrations can
be described by the following irreducible representa-
tions: 4A+5£ + 4£1+5.E2. The Raman scattering tensor
for crystals of the point symmetry group Ce, to which
LiIO3 belongs, has the form
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FIG. 9. Calculated dispersion curves of A polaritons (contin-
uous curves) and graphs of the functions q^(v) and cf°(v)
(dashed lines 1 and 2) for an LiIO3 crystal.
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(3.9)
The Β modes are inactive in the Raman and infrared
spectra; the E2 modes are Raman-active but infrared-
inactive and, consequently, they do not interact with
photons and do not transform into polaritons. The A
and Ey modes are Raman- and infrared-active so that
they interact with photons and transform into polaritons
that can appear in the low-angle Raman-scattering spec-
tra.

The dispersion of the A and Ελ polaritons calculated
from Eqs. (2.21) and (2.22) is represented by the con-
tinuous curves in Figs. 9 and 10, respectively; the cal-
culations are carried out for the following parameters
ofLiIO3 (Ref. 31): fT(ll/=148,238,358,795 cm'1; Sv

= 0.0826,0.0616,2.30,0.1406; vTiLf-180,330, 370, 769
cm'1; Sj.^0.1026,1.672,1.889,0.625; ε,|«) = η,«> = 3.06;

According to Eq. (3.9), the polarizations of the excit-
ing and scattered radiation should be the same for light
scattered by the A polaritons; consequently, in the case
of exact forward scattering {φ-Ο), Eq. (3.3) should be

ί-(ν) = 2πνΓη,ο+ν,(^\. 1 (3.10a)
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in the case when the exciting and scattered radiations
are polarized ordinary (σ) waves, and

?M(v) = 2nv[nIe + v, ( ^ ) w ] (3.10b)

when the exciting and scattered radiations are extra-
ordinary (e) waves.5' Here, n0 is the ordinary and n, is
the extraordinary refractive index. The graphs of the
functions tf°(v) and cf*{.v) are represented by the dashed
lines in Fig. 9. The refractive index data required in
the calculations were taken from Ref. 79.

It is clear from Fig. 9 that the polaritons with smaller
wave vectors are observed when the exciting and scat-
tered radiations are polarized as the extraordinary
waves, i.e., as the waves with the lower refractive in-
dices (no>n, for LUO3). In this case the change in the
frequency of the scattered radiation is greatest for
small angles. This is discussed and demonstrated ex-
perimentally by Claus.29

However, it should be noted that in the geometries
considered so far the scattering of light by polaritons of
the upper dispersion branch is impossible in LiIO3. But
in general, the scattering of light by polaritons of the
upper branch is sometimes possible in anisotropic crys-
tals also when the polarization of the exciting and scat-
tered radiation is the same. This requires that the fol-
lowing condition be satisfied:

f I *, t &na \ 1 ^ l / I / _/ o\ /o 1 1 \

" la ~r *i ι —5— I I *^- V *0oo yX ^= pj» \a.lxj

where a and β define the directions of polarization of
the exciting (and, consequently, of the scattered) radia-
tion and of the polaritons, respectively. This condition
may be satisfied in some crystals with a sufficiently
strong birefringence, such as lithium formate, in which
the scattering of light by the A(z) polaritons of the up-
per dispersion branch has been observed for the scat-
tering geometry y(x,x)y + Ax (Ref. 80).

According to Eq. (3.9), the scattering of light by the
Ey polaritons is described by the nondiagonal Raman
scattering tensor. Consequently, in the case of propa-
gation of the exciting radiation at an angle of 90° to the
optic axis of a crystal, the polarizations of the exciting
and scattered radiations should be different. We can
distinguish here two cases: in one case the exciting
radiation is polarized as an ordinary wave and the scat-
tered radiation as an extraordinary wave; in the other
case the opposite is true. In the exact forward scatter-
ing (φ = 0) the functions q{v) corresponding to these two
cases can be expressed in the form:

(3.12a)

(3.12b)

(v) = 12nv, {nio- nle) + 2πν [nle + ν, ( ̂ ) ^

FIG. 10. Calculated dispersion curves of Εχ polaritons and
graphs of the function <f°(v, Θ) for various angles θ (dashed
curves) for an LiIO3 crystal: 1) tf"(v, 90·); 2) (f(v, 90°).

5)The scattering geometry in the Raman spectroecopy is fre-
quently denoted by α(β, γ)δ, where a and δ are the crystal-
lographic axes along which the wave vectors of the exciting
and scattered light are directed, whereas β and y are the
crystallographlc axes along the directions of polarization of
the exciting and scattered radiation, respectively. When
light is scattered at small angles, the notation α(β, γ)δ+Αξ
means also that for φ * 0 me scattered-radiation vector has a
component along the crystallographic axis ξ.
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respectively. The graphs of these functions are repre-
sented by the dashed lines in Fig. 10. It is clear from
this figure that in the case of LiIO3 (characterized by n0

>ne and, consequently, nJe-nlo< 0) the magnitude of the
polaritons participating in the forward scattering is
smaller in the scattering geometry corresponding to the
case (3.12b) than for the case (3.12a). This has been
used2 9·3 0 to obtain information on the dispersion of the
E1 polaritons in an LiIO3 crystal in a wider range of the
polariton frequencies and wave vectors. It should be
pointed out that the same results were reported in the
very first observations of the scattering of light by po-
laritons in uniaxial crystals.2·11 Figure 11 shows, by
way of example, the results of an experimental investi-
gation of the Raman scattering of light by polaritons in
a ZnO crystal (characterized by n0 < ne) obtained for two
different scattering geometries.2

It is worth noting the intersection of the dashed line 1
in Fig. 10 with the upper dispersion curve. This is a
demonstration of the possibility of observing the scat-
tering of light by polaritons of the upper branch. The
intersection of the graphs of the function q{v) with the
upper polariton branch is generally possible at two
points, as shown in Fig. 15. The scattering of light by
high-frequency polaritons of the upper branch corres-
ponds, in accordance with the established terminology,
to the parametric scattering mentioned in the Introduc-
tion.

We shall consider another possibility of using bire-
fringence of crystals in studies of the scattering of light
by polaritons. In an anisotropic crystal the wave vector
of the extraordinary wave is a function of the direction
of propagation or of the angle θ between the wave vector
of the light wave and the optic axis of the crystal.
Therefore, for an arbitrary direction of the exciting
radiation with the extraordinary polarization the expres-
sion for qeo(y) in the direction φ =0 can be written in
the form

(3.13)

where

It is clear from Eq. (3.13) that the function qeo{v,9) de-
pends on the angle θ and, consequently, the coordinates
of the intersections of a graph of this function with the
dispersion curves of polaritons also depend on the angle
θ (Fig. 10). This means that the frequency of light scat-

6 Ί 2 0 Ζ Ί 5
k, in units of 2nvo/c

FIG. 11. Calculated dispersion curves of polaritons of the
lower branch of a diatomic uniaxial ZnO crystal and experi-
mental values (circles)2 obtained by the scattering of light at
low angles in the following geometries: a) x(y, ζ)χ+Δζ;
b) x(z, y)x+&z. The scattering angles are given above the
circles.

tered by polaritons can be altered by changing the direc-
tion of the exciting radiation relative to the optic axis
of a crystal while keeping the scattering angle fixed.
This possibility was first demonstrated by Dobrzhanskii
et al.3*

It is also clear from Fig. 10 that for an LiIO3 crystal
we can find the optimal angle θ = 0opt for which the wave
vector of a polariton from a given dispersion branch
participating in scattering is zero, i.e., we can ensure
that the intersection between the dispersion curve and
the dashed line occurs at k = 0. In this case a study of
the low-angle Raman scattering of light by polaritons
for θ = 9opt makes it possible to find the dispersion of
polaritons in the selected branch with wave vectors
from k -105 cm"1 to k = 0. The value of 0opt can be cal-
culated from

73^4)
where vLJ.1 is the frequency of the (j- l)-th longitudin-
al optical phonon. The solution of Eq. (3.14) for j=\
{vLJ0 = 0 and 0 lopt =0°) is valid on condition that
[nlo + vl(bn0/av)v^Vi] «νε ± (0) . A calculation of 9jm for
the Ex polaritons in an LiIO3 crystal gives 0 lopt =0°,
02opt = 19.5°, 03opt=25°, 04opt=32.5°, and f?5opt=48P, where
05opt corresponds to the optimal angle for the upper po-
lariton branch.37 An experimental investigation of the
low-angle scattering of light by the Ex polaritons in an
LiIO3 crystal for 04Opt =32.5° has made it possible to
find, for example, the polariton dispersion in the range
of wave vectors from £ = 2xlO5 cm"1 to k = 0 for the
460-769 cm"1 branch. The results of this investigation
are presented in Fig. 12. The scattering of light in the
9 = 90° case is possible only for polaritons lying to the
right of the dashed line.

We have considered above the possibility of varying
the scattered-light frequency by altering the direction
of propagation of the exciting radiation (rotation of the
crystal) in the case of anisotropic crystals when the ex-
citing radiation has the extraordinary polarization and
the scattered radiation and polaritons have the ordinary
polarization. This frequency tuning method is operative
whenever one of the three waves participating in the
scattering process is extraordinary. For example, the
case of tuning the scattered-light frequency by altering
the direction of the wave vector of the extraordinary

FIG. 12. Dispersion of Et polaritons in an LiIO3 crystal (the
experimental data represented by circles) obtained for 0o p l

= 32.5° and reported inRef. 37.
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polaritons is considered in Ref. 32.

It should be pointed out that the intensity of the light
scattered by the extraordinary (oblique or mixed 2?, + A)
polaritons differs from zero for the extraordinary po-
larization of the exciting radiation and the ordinary po-
larization of the scattered wave if φ ΦΟ and the scatter-
ing plane does not coincide with the crystallographic
plane (x, y). In this case the polariton frequency de-
pends not only on the magnitude but also on the direc-
tion of the polariton wave vector. When the scattering
plane is, for example, perpendicular to the (x,z) plane,
the direction of the polariton wave vector is given by

cosa= *'-*''*""''Ο3Θ. (3.15)

The experimental frequency-angular spectra can be
used to determine all the quantities on the right-hand
side of the above expression. Moreover, if we know the
dispersion of the Ex polaritons, which can be mea-
sured—for example—in the scattering geometry de-
scribed above, we can then calculate also the disper-
sion of the A polaritons employing the relationship

(3.16)

In the case of LiIO3 crystals this method has yielded the
dispersion of the upper branch of the A polaritons and
has made it possible to study the range of small polar-
iton wave vectors of the lower branches.37

Moreover, if the scattering plane lies in the (x, z)
plane, then the frequency-angular spectrum of the scat-
tering of light by the extraordinary polaritons is gener-
ally asymmetric relative to the sign of the angle φ if
0*0 and θ *90°. In this case the dispersion of the Et

and A polaritons can be found in a single operation from
the asymmetry of their frequency-angular spectra.37

An analysis of these spectra can be easily applied al-
so to biaxial crystals. In this case the dependence of
the refractive indices is governed by the Fresnel equa-
tion82 and the dependence of the polariton frequency on
the magnitude and direction of the wave vector is de-
scribed by the generalized Fresnel equation (2.20).

In addition to these methods for altering the polariton
frequency, one should also mention the influence of the
temperature of the crystal and of an external electric
field. The effect of a change in the temperature of the
crystal on the frequency-angular scattering spectra can
be allowed for by introducing the temperature depen-
dence of the refractive index into the relevant expres-
sion of the type of Eq. (3.2). Such an influence has been
especially widely investigated in studies of the param-
etric scattering of light83·139 and at present the temper-
ature dependence of the frequency of the scattered radi-
ation is being used successfully In some optical param-
etric oscillators.83·139 The polariton dispersion usually
depends weakly on temperature, with the exception of
polaritons associated with the soft modes of ferroelec-
tric crystals,84 whose frequency tends to zero as the
phase transition temperature is approached.

The application of an external electric field to a crys-
tal alters the refractive indices because of the electro-
optic effect.85 Allowance for the scattering geometry

and the symmetry of a crystal makes it possible to find
the explicit dependence of the refractive index on an ex-
ternal electric field and thus allow for the influence of
this field on the frequency-angular scattering spectra.
The use of the electrooptic effect to alter the frequency
of the scattered light has been demonstrated in param-
etric generation of light.83 Usually this effect is weak
but in ferroelectric crystals it may increase by more
than two orders of magnitude on approach to the Curie
temperature.85·89 This has been used to achieve con-
siderable electrooptic tuning of wavelengths in an opti-
cal parametric oscillator utilizing a KDP crystal.90·91

However, this effect has not been observed in the polar-
iton part of the scattered-light spectrum.

We shall conclude by listing the methods that can be
used to alter (tune) the frequency of light scattered by
polaritons: a) variation of the scattering angle, which
is the most widely used, effective, and universal meth-
od; b) variation of the wavelength of the exciting radia-
tion (dispersion method); c) variation of the direction of
the exciting radiation in a crystal (rotation of a crystal)
in a fixed scattering geometry, which can be used only
in the case of anisotropic crystals when at least one of
the three excitations participating in the scattering pro-
cess has the extraordinary polarization; d) variation of
the temperature of a crystal; e) application of an ex-
ternal electric field.

c) Frequency-angular spectra in the case of polariton
attenuation

We have discussed so far the frequency-angular spec-
trum of the scattered light ignoring polariton attenua-
tion. However, we have to consider the effect of such
attenuation.

If the frequencies of the exciting and scattered light
are within the transparency range of a crystal, all the
quantities in Eq. (3.1) are real. In view of this, an at-
tempt has been made13 to relate ω and k at the maxi-
mum of a Raman line obtained for a given scattering
angle and the expression suggested is c2k2/v2=n2,
whereas other authors92 used c2k2/u*=c', where

Ξ (η + ίκ)! = ε (ω) = ε' (ω) + ie" (ω). (3.17)

In both cases ω and k are real and, therefore, attempts
have been made to replace the complex quantity ε(ω) in
Eq. (3.17) by the real values of n2 or ε'. However, such
a replacement is not justified in any way and it does not
produce results that agree with experiment. In fact, in
this case the dispersion curve of polaritons acquires a
turning point (such as that shown as a dashed curve in
Fig. 13) at some critical value k = ka, which means that
there is no Raman scattering at high scattering angles.

The problem is that the dispersion relationship (3.17)
links ω with k only for solutions of homogeneous field
equations. In the presence of absorption the relation-
ship between ω and k naturally becomes complex. In
the scattering of light we are dealing with the solutions
of inhomogeneous field equations and then ω and k in
Eq. (3.1) are the frequency and wave vector of a driving
force and, in general, there is no dispersion relation-
ship between ω and ft. However, if we ignore absorp-
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FIG. 13. Dispersion of polaritons in a ZnSe crystal. Calcu-
lations carried out using c2ftVo;2 = t (ω) with the attenuation
constant Γ = 7·5 cm"1 (dashed curve) and also using Eq. (2.14a)
(continuous curve); circles represent the results of a numeri-
cal calculation of the position of the center of the scattering
line allowing for the attenuation and assuming various values
of the scattering angle φ (Ref. 92).

tion, the scattering cross section is a δ function, i.e.,
the scattering intensity is high only under exact reson-
ance conditions. Therefore, in a scattering line the
values of ω and k are related in the same way as in the
case of attenuation-free polaritons. However, in the
presence of absorption under steady-state conditions
the incident field excites the scattered field and forced
vibrations in a medium and then the frequency and wave
vector of these waves ω and k are generally not equal
to the frequency and wave vector of normal waves.

In view of this situation the dependence u>{k) which ap-
pears in the frequency-angular scattering spectrum
should be determined from the center of the scattering
line obtained by calculating the Raman scattering cross
section allowing for attenuation in the equations of mo-
tion of the crystal lattice. The results of such calcula-
tions 9 2 ' 9 4 show that the dependences a>{k) correspond
accurately to the dispersion relations in the absence of
absorption, i.e., they correspond to the relationships
obtained in Sec. 2. Figure 13 shows, by way of ex-
ample, the polariton dispersion for a ZnSe crystal92 ob-
tained from the relationships c2k*/u2 =ε'(ω) for Γ = 7.5
cm"1 (dashed curve), the dispersion calculated from
Eq. (2.14a) (continuous curve), and that deduced from a
numerical calculation based on the center of the scat-
tering line (points). Thus, even in the case of suffic-
iently strong absorption of normal waves, the frequen-
cy-angular scattering spectrum governs (or is governed
by) the dispersion relationship of polaritons which would
have traveled in a given medium in the absence of ab-
sorption.

In the present section we have analyzed the frequency-
angular scattering spectra assuming certain types of
polariton dispersion. In practice, we meet usually the
converse problem of determination of the polariton dis-
persion from the experimentally obtained frequency-
angular scattering spectra. However, the above analy-
sis of the principal features of possible frequency-angu-
lar spectra of the scattering of light by polaritons
makes it possible to select experimental conditions in
such a way as to obtain the required information.β)

6)A discussion of some of the problems touched upon in Sec-
tions 2 and 3 can be found in Refs. 9, 161, and 162.

4. EXPERIMENTAL METHODS FOR INVESTIGATING
RAMAN SCATTERING BY POLARITONS

As shown in the preceding section, Raman scattering
of light by polaritons can be observed at small angles
relative to the direction of the exciting radiation. The
greatest interest lies in the scattering of light within the
angular range from (f to 2°-l(f, depending on the actual
crystal. It follows that the exciting radiation should be
characterized by a small divergence and a sufficiently
high spectral brightness. These requirements are sat-
isfied by laser radiation. This is why the scattering of
light by polaritons was first observed only after the ap-
pearance of lasers. 1 · 2

In studies of the scattering of light at low angles it is
usual to employ either the photographic or the photo-
electric method. The photographic method gives direct-
ly the dependence of the scattered-light frequency on the
scattering angle over a wide spectral range. The meth-
od gives extensive information and is sufficiently ac-
curate for the determination of the frequencies and
scattering angles. However, when measurements are
made of the scattered-light intensities, it is preferable
to use the photoelectric method. The two methods are
complementary and used together can give us full in-
formation on the scattering of light by polaritons.

a) Photographic method

The photographic method was first used to study the
low-angle parametric scattering of light, i.e., the
Raman scattering of light by polaritons of the "photon"
part of the upper dispersion curve in the case of non-
collinear propagation of light waves.95 This method has
been improved later1 4 ·37 and it can be used at present to
study the scattering of light by polaritons including
those belonging to the lowest-frequency dispersion
branch.39

In the photographic method the slit of a spectrograph
is set with high accuracy in the focal plane of a lens lo-
cated beyond the crystal being investigated on the same
axis as the laser beam. Then, different scattering
angles are focused at different points along the height of
the slit, so that a given point collects the scattered
light traveling only at some specific angle relative to
the direction of the exciting radiation (Fig. 14). The
midpoint of the slit then corresponds to the exact for-
ward scattering. Consequently, a photographic film re-
corded by such a spectrograph when its slit is illumin-
ated as above records a two-dimensional spectrogram
representing the dependence of the scattered-light fre-

FIG. 14. Formation of the angular spectrum of scattered light
on a spectrograph slit«7. Here, C is the investigated crystal
and I, is an objective located at the focal length from the spec-
trograph slit.
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FIG. 15. Graphical method for determination of frequency-
angular scattering spectra obtained by photographic recording
method.

quency on the scattering angle. The distance h from the
center of the slit to some point along its height is in
one-to-one correspondence with the scattering angle φ'
measured outside the crystal and in the approximation
of low scattering angles this relationship isT>

«P'—f. (4.1)

where / is the focal length of the lens. Figure 15a
shows the frequency-angular scattering spectrum ob-
tained by the photographic method for a crystal whose
polariton dispersion is shown in Fig. 15b.

The necessary linear dimensions of the angular scan
of the spectrum can be obtained and vignetting by vari-
ous parts of a spectrograph can be avoided if a tele-
scope is placed between a crystal and a lens. If/i and
/2 are the focal lengths of the first and second (counting
from the crystal) telescope lenses, Eq. (4.1) becomes

<p'=£-j. (4.2)

Thus, the angular scale of the spectrum can be varied
by altering the focal lengths of the telescope lenses. It
should be pointed out that in determining the angular
scale of this spectrum from a photographic film it is
necessary to allow also for the magnification of the
spectrograph.

The angular scale can be calibrated also on the basis
of the angular spectrum of a Fabry-Perot interfero-
meter placed in the same position as the crystal being
investigated and illuminated with, for example, light
from a mercury lamp. The radiation corresponding to
some specific interference order emerges from the in-
terferometer at a fixed angle relative to the optic axis
of the system, so that a set of rings forms on the spec-
trograph slit and the diameters of these rings are in
one-to-one correspondence with the angles associated
with different interference orders. Thus, the spectral
lines of mercury emerging from the spectrograph are
"qut" by horizontal lines separated by a linear distance,
which is in one-to-one correspondence with the angular

7'The angle *>, measured inside the crystal, is—in this approx-
imation—related to φ' by <ρ* φ'/η,, where na is the refrac-
tive index for the scattered light.

FIG. 16. Example of an optical system used in photographic
recording of frequency-angular scattering spectra. Here, C
is the investigated crystal; i t , L2, and L are objectives with
focal lengths 94, 300, and 50 mm, J is a spectrograph slit; d\
w l io mm, d2=/i+/2 = 394 mm, <f3« 50 mm, and dt= 50 mm.

distance between the interference orders.

Correct illumination of a spectrograph is obtained
when the following conditions are satisfied: a) the radi-
ation scattered at the largest required angle φ^ should
not escape beyond the aperture of the exciting radiation
beam over the whole length of a crystal I, i.e., Ιφ^
S.W, where w is the diameter of the exciting radiation
beam; b) the radiation scattered at an angle φ^ should
not escape outside the "working" height of the spectro-
graph slit, i.e., the condition φή^/^Ιι^ should be satis-
fied, where ft,, is the half-height of this working part of
the slit, or one should ensure that q>m*x.ffx/f2'

£>hQ if a
telescope is used; c) the scattered radiation should not
escape outside the angular aperture of the spectrograph,
i.e., 2cpmixf<,RA, where RA is the relative aperture of
the spectrograph.

Figure 16 shows, by way of example, a specific sys-
tem used to illuminate the slit of an ISP-51 spectro-
graph in investigations of the frequency-angular spectra
of the scattering of light at low angles used by the pres-
ent author. This system makes it possible to record
these spectra in the range of angles φ' from 0° to about
±12°.

The most suitable cw laser for the excitation of the
light-scattering spectra in the photographic method is
the argon ion laser emitting in the blue-green part of
the spectrum. The radiation power at the strongest
emission wavelengths 4880 A and 5145 A exceeds 1 W
and the frequency-angular spectrum of the scattered
light obtained using these lines lies within the range of
relatively high sensitivity of photographic materials.

The main difficulty in the photographic method is the
selection of an optical filter which has to attenuate the
laser radiation by several orders of magnitude so as to
avoid overexposing the photographic film with the excit-
ing radiation, and which has to transmit the scattered
light producing the smallest possible Stokes shift. The
required attenuation can be achieved using a Glan prism
with a polished side face for removing the exciting ra-
diation and additional optical filters (ZhS-18 for the ex-
citing; radiation of the 4880 A wavelength, OS-11 for
5145 A, and ZhS-17 for 4765 k). However, the scatter-
ed radiation should be polarized perpendicularly to the
laser radiation.14·21·22·55

In some experiments (see, for example, Refs. 7, 37,
54, and 56) the laser radiation has been attenuated by a
CdS crystal with a sharp absorption edge, in which lum-
inescence is generated in the infrared part of the spec-
trum where photographic films have a very low sensi-
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FIG. 17. Frequency-angular spectrum of the scattering of
light by polaritons of one of the dispersion branches of a cubic
NaBrOj crystal. The spectrum was recorded with an STE-1
spectrograph and excited with argon laser radiation of 5145 A
wavelength; the angle ψ was measured inside the crystal.

tivity. The use of CdS crystals in combination with an
argon laser emitting at 5145 A wavelength has made it
possible to record the scattered spectra with a Stokes
shift from 400 cm' 1 or higher without the use of Glan
prism. Cooling of CdS to a temperature of the order of
-3CPC makes it possible to extend the measurements to
100 cm"1. Figures 17 and 18 show the frequency-ang^
ular spectra of light scattered at small angles in some
crystals using an argon laser (5145 A, 1 W) and a CdS
crystal as a filter.

The use of an iodine filter is very promising for the
attenuation of the exciting radiation. Iodine vapor is
characterized by a strong absroption line at the wave-
length of 5145.42 A, which lies in the stimulated emis-
sion range of the argon lasers. An argon laser operated
in the multimode regime generates a spectrum about 8
GHz wide centered on the wavelength of 5145.36 A. The
use of a Fabry-Perot etalon makes it possible to en-
sure single-frequency emission with a line about 8 MHz
wide which can then be tuned by, for example, rotation
of the etalon to the absorption line of iodine whose
width at 8 0 t is of the order of 300 MHz. Use of a filter
in the form of an iodine cell 10 cm long kept at a tem-
perature of 80-lOOt? has made it possible39 to obtain
the frequency-angular spectra of the light scattered by
polaritons of the lower dispersion branch of LiIO3 in the

sm torn ism 2000

b)

3000, 3500
0,'cm"1

FIG. 18. Frequency-angular spectrum of the scattering of
light in a crystal of metadinitrobenzene obtained with an ISP-51
spectrograph:61 a) scattering geometry x(z, z + y)x+Az; b) ex-
citing radiation traveling and polarized in the (x, z) plane at
45° relative to the χ and ζ axes; scattering plane be, z).

-400 t30 300

FIG. 19. Frequency-angular spectrum of the scattering of
light by polaritons in an LiNbOs crystal. An iodine filter was
used to attenuate the 5145 A line of the exciting radiation. The
scattering geometry was y(z, z+x)y+Ax. The exposure time
was 2 min.

Stokes and anti-Stokes parts of the spectrum with shifts
up to 15 cm"1, which is not the smallest attainable val-
ue. The frequency-angular spectra of light scattered by
LiNbO3 and LiIO3 crystals obtained using an iodine filter
are shown in Figs. 19 and 20.

The use of image amplifiers is a convenient comple-
ment to the photographic method. It is then possible to
excite the scattering spectra with lasers emitting red
and near-infrared radiation, which extends considerably
the capabilities of the photographic method and the
range of crystals that can be employed, including semi-
conductors with fairly narrow band gaps. For example,
the possibility of recording the scattering spectra ex-
cited by ruby laser radiation (6943 A) is reported in Ref.
105. The laser was operated in the free-oscillation
regime at a repetition frequency of 12.5 Hz. The spec-
tra are recorded with a three-stage image amplifier
which has an oxygen-cesium photocathode. The exciting
radiation is attenuated by a cooled CdSe crystal, which
makes it possible to record the scattered radiation with
a shift of 90 cm"1 or more. Gating of an image amplifi-
er in such a system can increase considerably the sig-

Ψ

•4
-500 SOD

a)
1000 tSOO

W.cnr1

J*r

-too -200 200 400

FIG. 20. Frequency-angular spectra of the scattering of
light in an LiIO3 crystal. An iodine filter was used to attenuate
the exciting radiation.39 The scattering geometries were
x(z, z+y)x+&z (a) and x(z, z+y)x + &y (b). The exposure time
was about 10 min. Asterisks are used to identify the lumines-
cence line of the iodine filter.
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nal/noise ratio and make it possible, in principle, tore-
cord fairly weak signals down to a few photoelectrons
per image element.

b) Photoelectric method

In the photoelectric method it is usual to employ a
spectrometer with an optical system for collecting the
scattered light in a small solid angle oriented in some
definite way relative to the exciting radiation beam.
Repeated recording of the spectrum for different fixed
scattering angles makes it possible to determine the
dependence of the scattered-light frequency on the scat-
tering angle (frequency-angular scattering spectrum).

In cubic crystals the scattered photons corresponding
to different polaritons are emitted in a cone whose axis
coincides with the direction of the exciting radiation.
Consequently, the most effective collection of the scat-
tered light is obtained by the use of circular screens lo-
cated around the direction of the incident laser beam,
as shown in Fig. 21 (Ref. 106). This makes it possible
to record the light scattered along directions bounded by
two cones with vertex angles 2φ' and 2(φ' + Αφ'). Re-
duction in Αφ' makes it possible to determine more ac-
curately the wave vector participating in the polariton
scattering and an increase in Αφ' makes it possible to
enchance the intensity. Thus, in each specific case it is
possible to find the most suitable value of Αφ' depending
on the material and dimensions of the sample, laser
output power, and characteristics of the electronic re-
cording system. The finite nature of Αφ', which makes
it possible to record simultaneously polaritons corres-
ponding to different wave vectors, broadens the ob-
served Raman scattering lines and this is manifested
most strongly in that part of the k space where the dis-
persion is high. The finite nature of Αφ' is due to two
factors: the finite width of a slit in the screen (see Fig.
21a) and the length of the crystal along the direction of
the exciting radiation (Fig. 21b). The influence of the
latter factor can be reduced only by increasing the focal
length of the objective L or by reducing the thickness of
the sample.

This observation method is most effective in the case
of cubic crystals when the anisotropy can be ignored.
The only shortcoming of this method is associated with
the fact that the geometry of illumination of the spectro-
meter varies somewhat with the scattering angle. For
small angles φ' the central part of the diffraction grat-
ing is illuminated more strongly, whereas for larger

n L

L, Ρ L2 D C Ls

FIG. 21. Influenoe on the value of Αφ' (a) of the finite slit
width in the screen D and <b) of the finite length of the sample
in the direction of the optical axis of the system.

FIG. 22. Method of illumination of spectrometer slit in ob-
servation of the scattering of light at low angles in anisotropic
crystals: a) vertical projection; b) horizontal projection.

angles the edges of the grating receive more light. This
has to be allowed for in the determination of the scat-
tered-light intensity.

In uniaxial crystals the frequency of the extraordinary
polaritons depends not only on the polariton wave vector
but also on the angle between its direction and the opti-
cal axis of the crystal. However, in the range of low
scattering angles the direction of the polariton wave
vector depends strongly on the value of φ so that the
above method cannot give unambiguous spectra although
it can be used sometimes to study the scattering of
light by the ordinary polaritons in uniaxial crystals.

The optical system for investigating the scattering of
light by the extraordinary polaritons is shown in Fig. 22
(Ref. 106). A parallel beam of laser radiation enters
the system from the left. A cylindrical lens Lt with a
horizontal axis transforms this parallel beam into a fan
of rays in the vertical plane. A thick glass plate Ρ dis-
places the fan-shaped beam, parallel to itself, in the
horizontal plane. Rotation of the plate Ρ can alter the
displacement. A second cylindrical lens L2, whose axis
is vertical, deflects the displaced beam toward the
optical axis of the system and focuses the beam as a
vertical strip on this axis. The position of the point of
intersection of the beam with the axis is independent of
the horizontal displacement of the beam by the plate P.
A scattering crystal C is placed at this point. The ra-
diation scattered at an angle φ' is selected by a slit D
and reaches an objective L3, which projects the scatter-
ing region onto the vertical slit J of a spectrometer.
The image of the scattering region is a vertical strip,
which can easily be made to coincide with the slit J.
The whole system is designed so that the height of the
exciting radiation beam does not exceed the height of the
sample and the height of the image of the scattering re-
gion in the plane of the slit J does not exceed the height
of the slit.

The scattered radiation is recorded at an angle φ'
governed by the horizontal displacement of the beam at
the entry to the lens L2. For φ'ΦΟ the exciting radia-
tion cannot pass through the split D and, therefore, any
polarizer can be placed in front of the slit J to analyze
the scattered radiation. It is important to note that in
this system the conditions for illumination of the spec-
trometer monochromator are independent of the scat-
tering angle φ'.

In view of the fact that the heights of the slits D and J
are finite, the radiation scattered through an angle φ'
in the horizontal plane and through various angles in the
vertical plane is recorded simultaneously. The associ-
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Polariton

FIG. 23. Soller collimator limiting the divergence of re-
corded radiation in the vertical plane.

ated broadening of the Raman scattering lines can be re-
duced by introducing a Soller collimator G, through
which rays pass as shown in Fig. 23. The horizontal
slits of this collimator limit the divergence of the re-
corded radiation in the vertical plane to angles inclined
at ±Δφ/2 relative to the optical axis.

Some modifications of this photoelectric method are
described in Refs. 17 and 118, and the theory of the in-
strumental distortions in photoelectric measurements of
the polariton scattering lines is considered in Ref. 107.
It should be noted that the slit of the monochromator can
be illuminated in the photoelectric method in the same
way as the slit of a spectrograph in the photographic
method. However, one needs an additional stop (dia-
phragm) at the entry or exit slit of the monochromator
so as to select a restricted region along the slit height.
The dimensions of the aperture in such a stop govern
the angle Αφ'.

Figures 24 and 25 show, by way of example, the spec-
tra of light scattered by polaritons in LiIO3 and SiO2

crystals obtained for various scattering angles φ by the
photoelectric method.

5. INTENSITY OF RAMAN SCATTERING BY
POLARITONS

From the quantum point of view the process of spon-
taneous Raman scattering of light by polaritons can be
regarded as the "decay" of an exciting radiation photon
hd), into two quanta: a Stokes quantum Ku>s and a polar-
iton Κω. Therefore, the probability of this decay is cal-
culated in the third order of perturbation theory using

Jf* = - / P ·Ε do, where Ρ is the operator representing
the specific polarization of a crystal and Ε is the elec-

800 750y 700"
V,cm~\

FIG. 24. Spectra of light scattered by polaritons correspond-
ing to A phonons with vT0 = 795 cm"1 in an LiIO3 crystal, re-
corded for different scattering angles φ (Ref. 9). Exciting ra-
diation wavelength 5145 Α, Αφ' = ο. 5°, scattering geometry
x(z, z)x+Ay.

LO phonon

807 cm

FIG. 25. Spectra of the light scattered by polaritons in a
quartz crystal obtained at various scattering angles.u

trie field operator of an electromagnetic wave in the
crystal; this probability is given by the expression

We shall now introduce the light flux P(il) scattered into
a unit solid angle near the direction Ω =kt/ka and we
shall describe this light flux by P(Q)=flusw(tt)Nl

=fiwsw(Sl)VIl/v,ti(i}l, where N, is the number of the ex-
citing radiation photons in a region of volume V, I,
= (Ν,/ν^,ίίω, is the intensity of the exciting radiation
(i.e., the flux per unit surface area), and v, is the
group velocity. The results of a calculation carried out
in the approximation of a plane linearly polarized mono-
chromatic pump wave, carried out subject to the con-
servation laws (3.1), give48

P(Q)>
2nhVIi s | χ [»

nyy,\u,y, — ν cos
(5.1)

here, ν is the group velocity; γ is the cosine of the
angle between the group and phase velocities; cos^i
= (k, οοβφ - ks)/k; φ is the scattering angle; ψ is the
angle between k and ks; χ = β ^ β ί χ Η 4 ( - ω , ω,); e are the
unit polarization vectors of the electric fields involved;
Xllk is the nonlinear susceptibility tensor,1 0 8"1 1 2 which
governs the generation of the sum frequency ωΒ = -ω + ωι

and which occurs in the relationship P\ = χllkEfE'k; Ps,
E, and E' are the complex amplitudes of the corres-
ponding waves, for example,

F.1 (r, i) = E' exp [i (k,r — ω,ί)Ι + c.c., E1 = e'E'.

When polaritons travel along the optical axis of a cubic
or a uniaxial crystal, the expression for Ρ(Ε) should be
summed over the two polariton polarizations. The fol-
lowing relationships are used in the derivation of Eq.
(5.1):

and

a |ω, (k.) + <•> ( k , - M = - „ eos ψ = Q (v. - v),

where the index i labels the various roots of the equa-
tions o^OO + wQkf-kJ- ω ; =0 for k, and the derivative
with respect to *, is calculated for a fixed value of O.

a) Integrated scattered-light intensity

The relationship (5.1) is a general formula describing
parametric scattering. The integrated intensity of light
which is Raman-scattered by polaritons can be found if
we start with the familiar quantum-mechanical expres-
sion for the nonlinear susceptibility tensor. 1 1 0 · 1 1 1 Since
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the Raman scattering process usually satisfies the con-
dition ω ) 5 »α> and if additionally the frequencies a> l s

are in the transparency range of a given crystal, the
tensor χυι, can be divided into two parts: xfjk which
shows no resonance when ω is varied and which is gov-
erned by the contribution of levels distant from the po-
lariton frequency ω and the resonance part containing
energy factors H(ouf±(i)). The part \*ik usually corres-
ponds to the pure electronic contribution to χ^»(-ω, ω,)
and the resonance part to a mixed electronic-ionic con-
tribution.

Using the definition of the tensor of the "conventional"
Raman scattering of light per unit cell,

/ \ 1 VI / Qnrnf , "OnSi/ \ /R O\
I] \ W I 1 W S / Ofc / 1 I r A , r t . Ι , Λ _|_ . . I f \ • /

where d,., is the matrix element of the dipole moment
operator of a unit cell, we can express the nonlinear
susceptibility tensor χ υ Λ ( - ω , ω,) in the form

here, (e, = 1); Μ is the num-
ber of the dipole-active vibrations; Vo is the volume of
a unit cell; ai

lk = efjalk; Ν is the total numberof unit
cells in the scattering zone. The convolution of the non-
linear susceptibility tensor xiJk with the corresponding
polarization unit vectors is

(5.4)

(5.5)

where

Substituting Eq. (5.4) into Eq. (5.1), using the expres-
sion for the flux of light Raman-scattered by transverse
optical phonons

and bearing in mind also that n= νε(ω) , where ε (ω) is
governed by the relevant expressions in Sec. 2 (the os-
cillator strength St can be described, in terms of the
parameters employed in that section, by the expression
Sf = 8irV\Pf\

2/Huf), we obtain forP(O)the equation98·97

here,

(5.7)

(5.8)

' clln (ω} — ω1)1 γ | trl — (κ,γ,)-1 cos ψ |

We shall consider the physical meaning of the quanti-
ties occurring in Eq. (5.7). We shall do this for the
case of a crystal with one phonon energy band. In this
case the expression (5.7) becomes

The quantity Π, is known as the polariton factor9 8·9 7
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and it describes the influence on the scattering intensity
of the mixing of lattice vibrations with a transverse
electromagnetic field. It follows from Eq. (5.9) that the
problem of finding Π, effectively reduces to the deter-
mination of the dependences ω{φ) and ψ{φ) (see Sec. 3).
The polariton factor is important in the range where a
phonon is converted into a polariton. In fact, for ω
- ω , and Π , - l , Eq. (5.10) reduces to Eq. (5.6). The
polariton factor, i.e., the influence of the polariton dis-
persion on the density of the final states resulting from
the decay of an exciting radiation photon into a Stokes
quantum and a polariton,is ignored in some of the early
theoretical treatments; 1 0 1 ' 1 0 4 this factor may differ con-
siderably from unity9 8 '9 8 and it increases as the sepa-
ration between ω and the phonon frequency wf increases.
In other words, the integrated intensity of the scattered
radiation depends on the angle between the tangents to
the q(v) and ft(u>) curves (see Sec. 3). In fact, the smal-
ler is the angle between the tangents, the wider is the
scattering spectrum and, consequently, the higher is
the integrated scattered-light intensity. In the range of
large scattering angles this angle is of the order of 9(T
and the scattering line width is governed only by the
phonon line width.

It is clear from Eq. (5.5) that the quantity Af is the
ratio of the electronic and electron-ionic contributions
to the nonlinear susceptibility and it is called98 the
electron-deformation parameter of the crystal for the
vibration ω/. Thus, the factor [1 + Af(l - (ω2/ω^))] de-
scribes the relative contribution of the electron pro-
cesses in the lattice polarization to the intensity of the
Raman scattering of light by polaritons of frequency ω.
When the frequency ω approaches ω,, the relative con-
tribution of the electron processes decreases and

i.e., the scattering intensity is then governed only by
the tensor a'ik.

In the general case of an arbitrary number of the pho-
non energy bands the various vibrational transitions in-
terfere with one another and the result depends on the
relative signs of the contributions of these transitions,
which are governed by the signs of the quantities Qf in
Eq. (5.7).

Equation (5.7) can also be used to obtain directly the
expression for the light flux scattered by longitudinal
optical phonons PiL(St) if e is replaced by the polariza-
tion unit vector of an LO phonon, ω is replaced by <x>L,
and it is assumed that η =0.

b) Profile of Raman lines for scattering by polaritons

It is convenient to study the scattering line profile
within the framework of the fluctuation-dissipation
method97 in which the appearance of the scattered radi-
ation is regarded as the result of mixing of the exciting
radiation with an equilibrium electromagnetic noise in
the investigated medium. The results of a calculation
for the isotropic case give the following expression for
the spectral density of the scattered light flux P(O, ω):
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P(Q, ε" (ω)
( —k.lc/ω) —ε

(5.11)

where ε(ω) is given by the appropriate relationship in
Sec. 2 and ε"(ω) is the imaginary part of the complex
permittivity at the polariton frequency. The expression
(5.11) is valid if the polariton line is separated from the
phonon line by an interval u>f- ω considerably greater
than the phonon line half-width. In this region we can
regard χ as real and ignore the dispersion of P(a) with-
in the polariton line profile and take P(0) at the line
center. In view of the smallness of ε "(ω) in this range,
we can represent Ρ(Ω, ω) approximately in the form

P(Q, ω) =
P(Q) Y/2

(ω; — o)s — ω) ! - |-(ν/2) 2 '

__ ωε" (ω)

' en I v^1 cos ψ — v~l | '

(5.12)

It follows that the scattered- line profile is Lorentz-
ian, its half-width is γ, and the scattered light flux at
the maximum is 2P(a)(ry)'1. The presence of the factor
( i ^ c o s ^ - v'1 in Ε q. (5.12) reflects the fact that the
line width of the scattered radiation depends not only on
the polariton attenuation but, as mentioned above, on
the changes in the conservation laws during scattering.
It should be noted that the representation (5.12) ceases
to be valid in the presence of group phase matching
when v~1cosip-v'l = (vsv)'1Sl(v- vJ) = 0. This is equiva-
lent to the condition d<p/d<t> = 0, which is satisfied when
then graph of the function q(u>) is tangent to the function
k(u>). Then, instead of Eq. (5.12) we have to use the
more general expression (5.11). The integrated scatter-
ing intensity then rises steeply (because of strong
broadening of the scattered line) but remains finite.
However, according to Eq. (5.9), the polariton factor
becomes infinite. We can avoid this by taking greater
care in making the transition from the scattering line
profile to the integrated intensity.98

We shall conclude this section by giving the appropri-
ate expressions for the scattering of light by longitudinal
optical phonons obtained in the approximation when wL

is separated from u>t by a considerable distance com-
pared with the phonon attenuation constant:

P/L(O)

ω,— ω,

, ω) άω,

VIL/2
π (ω, — ω , — < U ) 2 + C V / L / 2 ) ! '

. (ω) \ -1

In the case of an isolated phonon energy band, we have

Y/L =Yf

In the above treatment we have always ignored therm-
al fluctuations and considered only those of quantum
origin. Allowance for thermal fluctuations in the Stokes
scattering case gives rise, in the expressions for
P(Q, ω) and PfL(O, ω) of the factor cothjMo»,- ws)
where k0 is the Boltzmann constant.

6) RELATIONSHIP OF RAMAN SCATTERING BY
POLARITONS TO RAMAN SCATTERING BY OPTICAL
PHONONS, SECOND HARMONIC GENERATION, AND
LINEAR ELECTROOPTIC EFFECT

The nonlinear susceptibility tensor describing the
Raman scattering of light by polaritons consists—ac-
cording to Eq. (5.3)—of a resonance and a nonresonance
part. If the polariton frequency ω is sufficiently far
from the lattice resonance frequencies icf(w» ω/), the
scattering process can be described satisfactorily by
the nonresonance part xfJk of the nonlinear susceptibil-
ity tensor. In the limit ω — ws the tensor xf^(-w, ω,)
can be identified with the tensor χ,ν»(ω, ω) Ξχ 2 ^ re-
sponsible for second harmonic generation.1 0 8 '1 1 2 In fact,
if the permutation relationships for the frequencies and
indices /, j , and k are taken into account, we obtain

(6.1)

The tensor xf^is symmetric with respect to the last
two indices.

Moreover, in the limit « - 0 the tensor χ^*(0, ω,) de-
scribes not only the Raman scattering of light by low-
frequency polaritons but also the linear electrooptic ef-
fect. The tensor ruk(0, ω,) is related to the electrooptic
tensor χ,,*(0, ω,) by:112

et (ω;) 8ί (ω,)
Xi)k(0, -rihj(0, ω,). (6.2)

The tensor rikj is symmetric with respect to the first
two indices and its value may be found by measurements
on clamped crystals, i.e., by measurements carried out
at frequencies of external electric fields exceeding the
fundamental frequencies of piezoelectric resonances in
a crystal. This requirement is usually satisfied by fre-
quencies /Sl MHz. Equation (5.3), together with Eqs.
(6.1) and (6.2), gives

(6.3)

Using the definition of the electron-deformation poten-
tial, we can rewrite Eq. (6.3) also in the form

et (a>i) 8 t (Mt)

4n '

^ΣττΙώΚ*/- ( 6 · 4 )

For simplicity, we shall consider diatomic crystals.
The results of Sec. 5 can be used to obtain an expres-
sion for the ratio of the intensities of light scattered by
longitudinal and transverse optical phonons. If the scat-
tering geometry is such that the corresponding convolu-
tions in the expressions for P/(O) and PfL(tt) are identi-
cal, then AfL =Af and

where nfL =[exp(fi<i)fl/k0T)- I ] " 1 and «/ = f
- I ] " 1 . These expressions establish the relationship
between the tensors describing optical harmonic gener-
ation, linear electrooptic effect, and Raman scattering
of light by optical phonons. Combining these relation-
ships, we can, for example, express the nonlinear co-
efficients rihj and χ J£, in terms of quantities which can
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be deduced from measurements of the Raman scattering
of light by optical phonons:

a '

_

TABLE Π. Parameters of diatomic uniaxial crystals of point
symmetry group 6mm obtained from Raman scattering experi-
ments.

Μω,)Μ<»,)

(6.7)

(6.8)

It should be noted that measurements of the ratio of the
intensities of light scattered by longitudinal and trans-
verse optical phonons give a unique value of Af. The
choice of the sign of the root can be settled unambigu-
ously by, for example, comparing the values of χ 2 ^
and rik} obtained from Eqs. (6.7) and (6.8) with the re-
sults of direct measurements of these quantities.1 2 1

An interesting feature of Eq. (5.4) is that the nonlinear
susceptibility and, consequently, the scattering intens-
ity vanishes at the polariton frequency w = comin, given by

ω^1η = (1 + Α^1)ω2. (6.9)

This vanishing of the intensity of light scattered by
polaritons is a consequence of the compensation of the
electronic and lattice contributions to the nonlinear
susceptibility. This effect was first demonstrated ex-
perimentally by Faust and Henry1 2 3 in investigations of
optical mixing processes in GaP crystal. Somewhat
later the compensation effect was also discovered in an
investigation of the Raman scattering of light by polar-
itons of the upper dispersion branch of a polyatomic
lithium niobate crystal.1 4 This work has played an im-
portant role in the understanding of the influence of ab-
sorption of the idler wave on the intensity of the param-
etric scattering of light.126 It should also be noted that
in the case of a diatomic crystal the value of the fre-
quency (t)mta at which the intensity of the scattered light
vanishes can be used to find directly both the magnitude
and sign of the electron-deformation parameter Af.

The magnitudes and signs of the electron-deformation
parameters Af of some diatomic crystals have now been
deduced from the experimental data on the Raman scat-
tering of light. These values of Af and some other pa-
rameters of the investigated crystals are listed in Ta-
bles I and Π. It is worth noting that 4 d M = x 2 £ , m ; more-
over, in some cases the parameter Af i s replaced by

TABLE I. Parameters of diatomic cubic crystals of point sym-
metry group ?3m obtained from Raman scattering experiments.

Crystal

CuCl *)

CuBr ·)
Cul·)
GaAs

GaP
ZnSe

ZnS

"TO·
c m 1

147
159
134
131
269
269
365
204

274

"LO·
cm'1

211
211
167
149
292
292
403
251

349

r41·
Iff12 m/V

-0.4
0.4

-0.6
±5.3

1.5
1.5

10-'2m/V

6.8
—4.9

-15.8
19.4

140
100

Al

- 1 . 3
- 0 . 8
—0.8

0.9
—1.7
- 2 . 2
—1.9
—4.8
- 4
—8

—5.6
or 8̂ 9

1.73
8.5

100
15

\j,nin

514.5
514.5
514,5
514,5

1060
1060
632.8
632,8
568.2
488
632.8
514.5

Reference

is·
11·
se
se
2 1

22

ss
04

«1

4 1

•4

1 4

Crystal

ZnO

CdS

Vibration
symmetry

£
E1

Al (xx)
A, (")

"το-
cm '

381
407

228

235

"LO,·
cm *

574
583

305

305

At

1.7
1.4
1.8
2.0
2.0
4.3

0.83
0.18
0.5

Χ,,*η

632.8
632.8
514.5
514.5
514.5
514.5

Reference

1 0 4

104

111

11

11

11

other parameters related in the following way to A/-

The situation becomes more complicated in the case
of polyatomic crystals. We then have to use Eqs. (6.3)
and (6.4). Since the constants A, can be determined for
various phonon branches from the absolute intensities
of the light scattered by transverse optical phonons and
from the measured values of χ2"», the main difficulty
is to select the sign of A,. One of the methods of de-
termining the sign of Af is to select such a combination
of signs of Af so as to obtain from Eq. (6.4) the best
approximation to the quantity ri]k deduced from inde-
pendent measurements. This gives 2" possible combin-
ations and, therefore, in the case of a large number
{M) of phonon energy bands the required combination
cannot always be found unambiguously. Experimental
determination of the existence of the compensation ef-
fect in the scattering of light by polaritons of the upper
dispersion branch provides useful complementary evi-
dence which can be used to select correctly the combin-
ation of signs. A rough estimate of the position of the
minimum &>„,„ of the intensity of the scattered light can
be obtained by assuming that wmin »(i)f:

(6.10)

Using the results for the Raman scattering of light by
optical phonons, second harmonic generation, and lin-
ear electrooptic effect in lithium niobate, as well as the
fact that the compensation point occurs at t-'min «1500
cm"1, Obukhovskii et al.99 were able to select a combin-
ation of signs and magnitudes of Af for this crystal.
The results were used in Ref. 99 to calculate the fre-
quency dependences of the intensity of light scattered by
polaritons in various scattering geometries.8' How-
ever, it should be noted that the correctness of the sel-
ection of the parameters used can be checked by direct
measurements of these dependences. Unfortunately,
practically no investigations of this kind have been car-
ried out for polyatomic crystals.

7. SOME CHARACTERISTICS OF POLARITON
SPECTRA

In this section we shall consider briefly some fea-
tures of polariton spectra which cannot be described in

•'The measurements were carried out with flie samples kept
at 60°K.

"The recent identifications of the symmetry of the optical vi-
brations in an LiNbO3 crystal132 would require some correc-
tions of the above calculations.
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FIG. 26. Polariton dispersion in a diatomic cubic crystal, (a)
in the absence of free carriers, (b) in the presence of free
carriers, and (c) in the presence of free carriers and a trans-
verse magnetic field Β (kl B).

terms of the above model. These features are mani-
fest, for example, when free carriers, localized
modes, bands of two-particle states, etc. are present
in a crystal.

a) Influence of free carriers

The nature of photon propagation in a medium changes
fundamentally in the presence of free carriers (elec-
tron or hole plasma). For example, the propagation of
photons is impossible at frequencies below the plasma
value since the permittivity is then purely imaginary.
However, at higher frequencies we can expect propaga-
tion of mixed photon-phonon-plasmon excitations or of
phonon-plasmon polaritons (plasmoritons). The disper-
sion of phonon-plasmon polaritons in a cubic diatomic
crystal9' is described by:127

(7.1)

where ωρ = V 4nNe*/m *ε«, is the plasma frequency; N, e,
and m* are the density, charge, and effective mass of
free carriers, respectively. The influence of free car-
riers on the polariton dispersion is illustrated in Figs.
26a and 26b. The frequencies u\ and ω. are found from
Eq. (7.1) using the expression

It is worth noting (see Fig. 26b) that photon propaga-
tion is impossible at frequencies below ω.. However,
application of an external magnetic field Β induces
modes capable of propagation at frequencies below αι..
Then, mixed photon-phonon-plasmon-cyclotron excita-
tions or photon-magnetoplasma polaritons (magneto-
plasmoritons) may appear in a crystal. In this case the
polariton dispersion (in the k χ Β case) has the form
shown in Fig. 26c. The theory of the Raman scattering
of light by polaritons in the presence of free carriers in
a crystal is discussed by Wolff and Blum.129

The influence of free carriers on the polariton disper-
sion has been observed successfully by experimental
methods. Investigations have been carried out on di-
atomic cubic semiconductor crystals of GaAs (Ref. 4)
and CdS (Ref. 50) by the Raman scattering of light at low
angles. Measurements of the polariton dispersion in

these crystals carried out for a range of carrier densi-
ties N= 6.7xlO l e, 1.4x10", and 2.9xlO" cm"3 for a
GaAs crystal (Ref. 4) and N=10lB, 4xlO1 8, and 2xlO"1 9

cm"3 for a CdS crystal (Ref. 50) agree well with the data
calculated on the basis of Eq. (7.1). Moreover, it is re-
ported in Ref. 4 that the polariton dispersion changes on
application of an external transverse (B_Lk) magnetic
field (£ = 100kOe for ΛΓ = 2.9x10" cm"3). This is evi-
dence of the presence of phonon-magnetoplasma polar-
itons (magnetoplasmoritons). However, it should be
pointed out that Patel and Slusher4 failed to detect mag-
netoplasmoritons corresponding to the lowest disper-
sion branch in Fig. 26c and this was probably due to the
fairly small cross section for the scattering by excita-
tions in this branch.129

b) Influence of localized modes

We have discussed so far the polariton spectra of
ideal crystals. However, the presence of defects in a
crystal may give rise to additional optical modes and to
their interaction with polaritons. We shall consider a
crystal with the simplest defect in the form of an atom
whose mass differs from the masses of the lattice
atoms. Such defects are frequently encountered in crys-
tals prepared from a material with a natural mixture of
isotopes. At low defect (isotope) concentrations the vi-
brations of impurity atoms can be regarded as local-
ized. In the case of rigorously localized modes the am-
plitudes decrease exponentially with distance from the
impurity position.

If the impurity modes are dipole-active, they can in-
teract with electromagnetic waves in the range of low
values of k and this produces localized polariton modes.
Consequently, in the vicinity of localized modes there
may be considerable deviation of the polariton disper-
sion from the results calculated using the parameters of
an ideal crystal.

The polariton dispersion of diatomic cubic crystals
containing localized modes has the form130

Sal
(7.2)

where ωΤί is the frequency of a transverse localized
mode;

9)The dispersion of phonon-plasmon polaritons in uniaxial
crystals is discussed in Ref. 128.

M. and Mi are the masses of the negative lattice and im-
purity ions. The first two terms on the right-hand side
of Eq. (7.2) describe polariton dispersion in an ideal
crystal and the third term is due to a localized mode.

The first successful observation of localized polariton
modes was reported by Nitsch and Claus131 who investi-
gated the Raman scattering of light at small angles in a
K3Cu(CN)4 crystal. They observed four localized polar-
iton modes of vibrations of the C = N bond, due to the
natural abundances of the C1 3 and N15 isotopes in the
original substance; the abundances of these isotopes
were 1.12 and 0.36%, respectively.

Figure 27 shows, by way of example, the Raman scat-
tering of light at small angles in a K3Cu(CN)4 crystal,
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FIG. 27. Spectra of the Raman scattering of light by Ε pol-
aritons in a K3Cu(CN)4 crystal obtained at various scattering
angles. Here, ρ is the plasma line of the gas discharge used
in the laser.

illustrating the interaction between the Ε polaritons and
two localized modes.49·131 The points in Fig. 28 are the
polaxiton dispersion curves deduced from the spectra in
Fig. 27. The dashed curve in Fig. 28 represents calcu-
lations carried out ignoring localized modes, whereas
the continuous curves are the calculations based on a
formula of the (7.2) type but generalized to the case of
a polyatomic crystal13' using the values of the param-
eter M'.\xt\

2 =0.3, 0.6, and 1.0.

Thus, the polariton dispersion is modified greatly by
the presence of impurities in a crystal. The dispersion
can then be described in terms of the theory developed
by Ohtaka130 and Nitsch.13" It should be mentioned that a
satisfactory description of the experimental results was
not obtained in Refs. 49 and 131 when an earlier the-
ory137 was used.

An interesting feature of the spectra shown in Fig. 27
is the transfer of excitation from polaritons to localized
modes in the scattering spectra as the polariton fre-

ΖΟΊΟ

10W
23000 (;c

FIG. 28. Dispersion of the Ε polaritons in the region of inter-
action with localized modes. The circles are the experimental
data; the dashed curve 1 is calculated ignoring localized modes
and the continuous curves are computed allowing for localized
modes and using the following values of the parameter
Λζΐχ,Ι2: 2) 0.3; 3) 0.6; 4) 1.0.

quency approaches the localized mode frequency. The
increase in the intensity of the light scattered by local-
ized modes because of the interaction with polaritons
may play an important role in the detection of localized
modes because the intensity of light scattered by these
excitations is usually quite low.

It should be mentioned that the interaction of polari-
tons with localized modes was observed also in an
NaClO3 crystal.138 The localized modes in this crystal
are due to the presence of the 35Cl and 37C1 isotopes.

c) Interaction of polaritons with energy bands of
two-particle states

Near overtones and combination frequencies of vibra-
tions of a crystal lattice the Raman spectra usually have
not narrow lines, as is the case in isolated molecules,
but wide bands, corresponding to two-particle bands of
states as a result of phonon dispersion in the Brillouin
zone. If the two-particle excitations are dipole-active,
then in the region of "intersection" of a polariton branch
with a band of two-particle states there is an interac-
tion between these excitations and this alters the spec-
tra considerably. The resultant phenomenon is known
as a polariton Fermi resonance. The theory of this
phenomenon is given fully in Ref. 140 and, therefore,
we shall mention here only some of the conclusions of
this theory and then concentrate on some of the experi-
mental data.

Since the Raman scattering of light by polaritons is
usually stronger than the scattering by two-particle ex-
citations, it follows that an intersection of a polariton
branch with a band of two-particle states always results
in transfer of the Raman-scattered light from polaritons
to two-particle states. Within a two-particle band there
may be nonmonotonic changes in the polariton frequency,
depending on the wave vector k, and these may be ac-
companied by broadening of the Raman line. This
broadening is due to the possibility of decay of a polari-
ton into two free phonons.

The first experimental observations of a polariton
Fermi resonance were reported in Ref. 47 but subse-
quent detailed studies have shown that the observed ef-
fect can be due to interaction of polaritons with local-
ized modes.131 The results of Ref. 54 cannot be inter-
preted unambiguously because of the presence, in the
investigated part of the spectrum, of a weak first-order
Raman line of symmetry other than the polariton sym-
metry. Therefore, it follows from the scattering geo-
metry used in Ref. 54 that the observed features of the
scattering spectra can be explained also by an anti-
intersection of polariton branches74 (see also Sec. 2.c).
The most convincing observations of a polariton Fermi
resonance were made on LiNbO3 (Refs. 16 and 20) and
LilO, (Refs. 35-37) crystals for which a detailed inter-
pretation of the first-order phonon spectrum was pro-
vided. An energy gap in the polariton scattering spec-
trum was observed in Ref. 20 under Fermi resonance
conditions and this was attributed140 to the existence of
coupled (biphonon) states of two phonons.10' However,

1 0 Ά theoretical analysis of the formation of biphonons can be
found also in Ref. 141.
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experiments carried out on an NH4C1 crystal (Ref. 7)
showed that the appearance of an energy gap in the po-
lariton branch under polariton Fermi resonance condi-
tions need not be necessarily due to the existence of bi-
phonons. Moreover, the polariton dispersion in the re-
gion of the second-order phonon spectrum of an LiNbO3

crystal cannot be described by introducing an oscillator
strength and a limiting frequency,16 which would have
been possible if biphonons were present.140 In the case
of an LiIO3 crystal there are several "discontinuities"
of the polariton branch corresponding to polariton Fermi
resonances in the range -1500-1650 cm' 1 (Refs. 35-37).
Some singularities of the Raman scattering by polar-
itons have been observed also in the spectra of more
complex crystals5 3·5 5"5 7·8 0·8 1 and these cannot be attrib-
uted to the first-order phonon spectra. Nevertheless,
some features of these spectra can definitely be at-
tributed to polariton Fermi resonances.

Interesting results on the general properties of polar-
iton Fermi resonances are obtained also by investigat-
ing the behavior of polariton scattering spectra within a
band of two-particle states. From this point of view,
the NH4C1 crystal is one of the most interesting objects.
A detailed attribution of the optical vibrations to specific
symmetries has been made on the basis of the first-
and second-order Raman spectra of this crystal.1 3 3·1 3 4

In particular, a wide (-110 cm"1) isolated band of two-
particle states 2^4(.F2) has been identified.134 It should
be noted that the reported singularities of polariton
scattering spectra within a band of two-particle states,
observed under polariton Fermi resonance conditions,
cannot be attributed to an isolated band. This is due to
the fact that the complexity of the first-order phonon
spectra of these crystals results in overlap of the high-
er-order bands in the spectra. Moreover, sometimes
two-particle states of crystals appear in the Raman
spectra in the form of sufficiently narrow bands, so that
it is not possible to determine the singularities of the
polariton scattering spectra within a two-particle band.

In view of this, investigations have been made of the
Raman scattering of light by polaritons in an NH4C1
crystal in the region of a band of two-particle states
2v4. Figure 29 shows a frequency-angular scattering
spectrum of an NH4C1 crystal in the part of the spec-
trum corresponding to this band. The spectrogram was
obtained with an STE-1 spectrograph when the spectral
slit width was -2 cm"1 and the temperature of the sam-
ple was ~80°K. Exciting argon laser radiation traveled

Β -

ZSOO v, cm

FIG. 29. Fragment of a frequency-angular spectrum of the
scattering of light by polaritons in an NH4CI crystal (Γ = 80°Κ)
illustrating the appearance of a Fermi resonance of polaritons
with a band of two-particle states 2F 4 . Here, φ is the scatter-
ing angle inside a crystal; the spectrum was obtained with an
STE-1 spectrograph.

2500-

k-W-\

FIG. 30. Dispersion of polaritons in an NH4CI crystal in the
region of 2500-3000 cm"1. The dashed curve represents cal-
culations carried out ignoring the interaction Of polaritons
with a band of ttfo-particle states. The continuous curves are
deduced from the spectrogram in Fig. 29. The right-hand side
shows the Raman spectrum for the scattering at 90°.

along the [110] axis and was polarized along the [110]
direction. The scattered radiation traveled in a (110)
plane. The frequency-angular scattering spectrum was
used to plot the polariton dispersion shown in Fig. 30.
The continuous curves represent experimental data cor-
responding to the intensity maxima in the frequency-
angular spectrum of Fig. 29 and the dashed curves rep-
resent the polariton dispersion calculated without taking
into account the interaction of polaritons with two-par-
ticle excitations.

The most interesting and new feature is the observa-
tion that within an isolated band of two-particle states
there are several polariton regions which appear only in
a very limited range of scattering angles (or polariton
momenta). Outside these regions the polariton branches
inside the two-particle band spread out and merge with
the band. The closely shaded regions inside the band in
Fig. 30 are those where the intensity exceeds slightly
the background scattering inside the two-particle band.
The right-hand side of Fig. 30 shows also the spectrum
of the conventional Raman scattering of light by two-
particle states. It should be noted that there is some
correlation between the positions of polariton regions
inside the band and "kinks" in the conventional spec-
trum of the Raman scattering at the two-particle excita-
tions. These kinks are due to density-of-states maxima.

Theoretical investigations135 of the polariton disper-
sion within a band of two-particle states have demon-
strated the possibility of a strong influence of the criti-
cal (Van Hove) points on the polariton dispersion inside
this band. The theoretical results1 3 5 are in qualitative
agreement with the observed singularities of the polar-
iton dispersion within the two-particle band of the spec-
tra described above. However, according to the the-
ory135 the polariton dispersion should be continuous in-
side the two-particle band but the "reverse" dispersion
(joining the separate polariton regions) has not been ob-
served experimentally. It is possible that the intensity
of the scattering by polaritons in such regions is con-
siderably less than near the critical points. Moreover,
the observation of polariton regions near the critical
points is, apparently, clear evidence of a reduction in
the probability of polariton decay (which is accompanied
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by the appearance and the narrowing of polariton re-
gions within the two-particle band) into two phonons.
Unfortunately, the available information about the crys-
tal parameters is insufficient for quantitative compari-
sons of the theory and experiment.

d) Polariton dispersion in gyrotropic crystals

The expression for ε(ω) is used above ignoring the
spatial dispersion. The influence of the spatial disper-
sion and, particularly, of the crystal gyrotropy on the
polariton dispersion is definitely of interest because
such effects may give rise to "new" waves93 and, conse-
quently, to additional lines in the spectra of the Raman
scattering of light by polaritons.

For simplicity, we shall consider a cubic gyrotropic
crystal. Then, allowing for the spatial dispersion, the
expression

(7.3)

should be replaced93 by

where ε(ω) is given by Eq. (7.3) and Δ(ω) is some func-
tion of ω proportional to the optical rotation. In the ab-
sence of absorption the polariton dispersion is then of
the form:93

ε (ω)
(7.5)

The dependence w(fe) deduced from Eq. (7.5) is shown
schematically in Fig. 31. Optical phonons correspond
formally to the limit c —» and, consequently, we have

•£7^ = ±|Δ|*, »± (*)»ω, ± α*, ο-^|ϋ-|Δ|. (7.6)

The branches ωτ are represented by dashed lines in
Fig. 31. The splitting of the dispersion branch of the
optical phonons due to gyrotropy was first observed for
the Ε mode (128 cm"1) of a quartz crystal.142 A linear
dependence of both frequencies o>T on k was observed,
which was in agreement with Eq. (7.6), and it was found
that α = (0.86 ± 0.05) x 10= cm/sec.

An interesting feature of the dispersion curves shown
in Fig. 31 is that some frequencies (for example, the
frequency identified as ω ' in Fig. 31) corresponds to
three values of k. This is equivalent to the existence of
three solutions (1-3) for ε(ω') for a given ω', in con-
trast to nongyrotropic crystals when only one solution is
obtained (compare Figs. 31 and 1). This feature of the

polariton spectra of gyrotropic crystals has not yet been
observed experimentally.

8. COHERENT ΑΝΤΙ-STOKES RAMAN SCATTERING
BY POLARITONS

Recent progress in the development of tunable lasers
has made it possible to use widely the method of coher-
ent anti-Stokes Raman scattering (CARS) of light11» in
investigations of various excitations in gases, liquids,
and solids. The possibility of using this method in po-
lariton investigations was first demonstrated for a GaP
crystal.143

The CARS polariton spectroscopy method involves
buildup of polariton excitations in the field of two suf-
ficiently strong laser beams of frequencies a^ and ω2,
such that the difference between them is equal to the
polariton frequency ωρ. If a medium is subjected addi-
tionally to a test field of frequency ω (a test wave can
be one of the beams participating in coherent buildup of
polaritons; for example, let us assume that ωχ >ω2 and
ω=ω1), the test wave is then scattered by polaritons
with the same phase throughout the medium and the
scattered-light frequency is ωο = ω1 + ω ί = 2ω 1 - ω2. Since
polaritons are characterized by a strong dispersion, the
effectiveness of their buildup and, consequently, the
intensity of the CARS signal depends not only on the dif-
ference between the frequencies of the exciting fields
Wj - ω2 but also on the difference between the wave vec-
tors of these fields kj-l^. A study of the dependence
of the intensity of the CARS signal on the phase detuning
A k i = k 1 - k 2 - k i is called in Ref. 143 the spectroscopy
in k space or k spectroscopy. This dependence is ob-
tained by altering the direction of one of the wave vec-
tors k t or ^ keeping the frequency difference Wj - Wj
fixed. It is shown in Ref. 143 that the polariton attenua-
tion can be deduced from the k spectra. The profiles of
the polariton lines in the ω and k spaces can be found
also from two-dimensional spectrograms of the Raman
scattering of light by polaritons obrained by the photo-
graphic method described in Sec. 4. This is done by
photometric analysis of a frequency-angular spectrum
at a fixed wavelength of the scattered light (k spectra)
or at a fixed scattering angle (o> spectra). A modifica-
tion of the photoelectric method can be used to find not
only the ω spectra but also the spectra in k space.154

The expression for the intensity of a CARS signal in
the polariton case is (see, for example, Ref. 145):

Γ, (8.1)Ale-1/2 J '

where Ι^ω^ i s the intensity of the radiation of frequen-
cy ω,; Aka =kL +kl - kj - ke; I is the length of the region
of interaction of the light waves; the nonlinear suscepti-
bility tensor χ in the case of strong absorption of a po-
lariton wave can be represented in the form145

*a i]V (8.2)
4π

, —ω,) 1

FIG. 31. Polariton dispersion in a cubic diatomic gyrotropic
crystal. The dashed lines represent the optical phonon disper-
sion.

where ε(ω^) is the complex permittivity which has the

11)The term "coherent active combination scattering spectros-
copy" is also frequently used in the Soviet literature (see,
for example, Bef. 153).
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following form for a cubic polyatomic crystal:

The nonlinear susceptibilities of the second χ ( 2 ) and
third χ ( 3 ) orders have a much stronger dispersion in the
polariton part of the spectrum. The dispersion χ ( 2 ) is
discussed in Sec. 5.a and the information on the disper-
sion of χ ( 3 ) for the case under discussion can be found,
for example, in Refs. 144, 145, and 147. The nonlinear
susceptibility χ ( 3 ) represents the contribution of direct
four-photon processes to the intensity of the CARS sig-
nal, whereas χ ( 2 ) represents the contribution of cascade
or two-stage processes. A direct four-photon process
is mixing of radiation fields from three lasers in such a
way that ωα = 2ω1 - ω2 and the maximum intensity of this
process is attained, according to Eqs. (8.1) and (8.2),
when the phase-matching condition \ka = 0 is satisfied.
It should be noted that polariton excitations do not ap-
pear in this process. Cascade processes are two se-
quential three-photon processes: a) creation of a polar-
iton of frequency ωρ= ω1 — ω2; b) creation of an anti-
Stokes photon ωα, accompanied by polariton annihilation:
ωα = ω1 +wt = 2w1- ω2. According to Eqs. (8.1) and (8.2)
the highest efficiency of this process corresponds to the
phase-matching conditions \kp = 0 and Afca = 0. In such a
case the intensity of a CARS signal is governed by the
polariton parameters since Ak, =k1 -k; - kp. Since the
maximum scattering intensity in the case of the cascade
and direct processes is attained under different phase-
matching conditions, it is possible to separate these two
processes experimentally.148

It is interesting to note that because of the coherence
of the scattering the various contributions of the direct
and cascade processes are not summed but interfere,
leading, generally speaking, to considerable distortion
of the CARS spectra in the ω and k spaces. The influ-
ence of interference effects on CARS spectra is consid-
ered in Ref. 146 and demonstrated experimentally in
Ref. 149 for an LiIO3 crystal.

Figure 32 illustrates the influence of interference in
the case of a CARS polariton spectrum obtained for an
LiIO3 crystal in k space for vx - vz =2300 cm"1 (Ref.
149). This k spectrum was obtained by altering the di-
rections of the wave vectors of the laser beams relative
to the optical axis of a crystal: the investigated sample
was rotated keeping the scattering geometry constant.

The considerable asymmetry and the presence of a
"dip" in the spectrum in Fig. 32 are evidence of the in-
terference effects in the CARS polariton spectra. The
dashed curve in this figure is the calculated spectrum
obtained theoretically.146 This calculation is based on
expressions corresponding to the case of weak pumping
and weak polariton absorption attained in the experi-
ments. It should be noted that the form of the spectrum
depends strongly on the relative contributions of the di-
rect and cascade processes governed by the ratio
X(3)/[x(2)]2· Clearly, interference disappears if we
eliminate one of the scattering mechanisms. Therefore,
the value of the ratio χ< 3 )/[χ< 2 )] 2 is selected in such a
way as to obtain the best possible agreement between
the experimental and calculated data.

20 21 22 25 %, cteg

FIG. 32. Coherent anti-Stokes Raman scattering (CABS)
spectrum in k space. The continuous curve is experimental
and the dashed curve is calculated. Here, 6L is the angle be-
tween the wave vector kt and the optical axis of the crystal;
/M is the intensity of a CARS signal in relative units.

It follows that a correct interpretation of the CARS
polariton spectra requires allowance for the possibility
of the appearance of several maxima or of asymmetry
of the line profile due to interference between direct and
cascade processes. Moreover, the profile of a CARS
line can be used to determine the absolute sign and rela-
tive magnitude of the ratio χ ( 3 ) /[χ ' 2 ' ] 2 .

An important application of CARS spectroscopy is the
investigation of surface polaritons. The point is that a
study of surface polaritons by the Raman scattering
method involves a number of difficulties due to the fact
that the scattering of light by bulk polaritons masks the
weaker scattering by surface polaritons.88 Therefore,
it is not possible to observe the Raman scattering of
light by surface polaritons in bulk samples. Only one
experiment was carried out in which the Raman scatter-
ing of light by surface polaritons was observed and the
sample was not of the bulk type.150 In this experiment
the intensity of the scattering of light by bulk polaritons
was minimized by the use of thin (~2500 A) single-crys-
tal GaAs films grown epitaxially on a sapphire sub-
strate. However, it is difficult to prepare thin single-
crystal films. One also has to ensure that the phonon
spectrum of the substrate is sufficiently far from the
spectrum of surface polaritons of the investigated film.

Selective coherent excitation of surface polaritons oc-
curs in CARS spectroscopy and, therefore, the intensity
of the signal can be considerably higher than the intens-
ity of the spontaneous Raman scattering by bulk polar-
itons151 ·152 and this makes it possible to investigate sur-
face polaritons in bulk samples. The first successful .
observation of surface polaritons in a bulk crystal of
GaP was made by the CARS spectroscopy method.152

Thus, CARS spectroscopy will undoubtedly become a
very effective method for investigating surface states.1 2 '

It is interesting to mention also the possibility of a

12'The method of compensation of the nonresonance background
in CARS spectra proposed in Ref. 165 may be useful in such
investigations.
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direct measurement of the dephasing times of polariton
excitations by the CARS spectroscopy method. For ex-
ample, if the exciting fields ωχ and ω2 are suddenly re-
moved, a CARS signal decays in a time T3 needed for
dephasing of polar items originally phase-locked by the
fields ωχ and ω2. Thus, in contrast to the conventional
Raman scattering, CARS is due to the polarization of
the medium at the frequency ωρ and not due to the level
populations. The relaxation and excitation dephasing
times can be measured using a laser generating ultra-
short pulses.156 Two lasers generating ultrashort
pulses excite polaritons and a test beam is then sent to
a crystal after some delay. The dependence of the in-
tensity of a CARS signal on the delay of a test pulse is
used to find the dephasing time 7\>. Measurements of
the corresponding dependence of the intensity of nonco-
herent Raman scattering of light can be used to deter-
mine also the longitudinal relaxation time 7\. The first
successful measurement of the lifetime of a polariton
mode in GaP was made near the frequency of a trans-
verse optical phonon"8 and the lifetime was found to be
5.5 ±0.5 psec.

9. CONCLUSIONS

Raman scattering of light by polaritons makes it pos-
sible to determine directly the dispersion of the permit-
tivity over a wide spectral range (from a few to a few
thousand reciprocal centimeters) and it is very useful
tn studies of the fundament?.! vibrations of the crystal
lattice.13' Spectroscopy of the Raman scattering of light
by optical phonons makes it possible to obtain informa-
tion on the permittivity dispersion only if the harmonic
oscillator model is used. However, investigations of
the polariton scattering spectra under Fermi resonance
conditions show, for example, that the anharmonicity
effects may have a considerable influence on the dis-
persion of the permittivity, at least in the region of
overtones and combination frequencies of the lattice vi-
brations. Experimental investigations of polariton
Fermi resonances are still in the initial stage and are
mainly descriptive. A fuller understanding of this in-
teresting phenomenon requires that the investigations
should reach a level at which quantitative comparisons
can be made between the theoretical and experimental
results.

Low-angle Raman spectroscopy makes it possible to
investigate the spectra of elementary excitations and to
reveal changes which appear as a result of interaction
between various excitations. An increase in the intens-
ity of scattering of light by excitations with a small
scattering cross section in the region of intersection
between polariton branches may play an important role
in the detection of excitations which are weak in the
Raman sense. There are no basic restrictions on the
possibility of detection of polaritons accompanied by
generation of "new" waves in optically active crystals93

and magnon polaritons.157 Polariton scattering spectra
of ferroelectrics can yield valuable information on

13'The majority of the published experimental investigations
deals with these problems.

phase transitions in these crystals.10·17·27·44·118·11"·"8·"8

In particular, the low-angle Raman scattering method is
promising for the study of relaxation processes near
phase transitions.159 Coherent anti-Stokes Raman scat-
tering of light will become an effective method for in-
vestigating surface excitations.

From the practical point of view, the spontaneous low-
angle Raman scattering is an effective instrument in the
search for materials in which the stimulated Raman
scattering by polaritons may be observed. The results
of recent investigations180 indicate that frequency-tun-
able far infrared sources based on the stimulated
Raman scattering by polaritons may have parameters
which would make them suitable for experimental in-
vestigations.

It is clear from the above discussions that low-angle
Raman scattering spectroscopy is an extremely promis-
ing method9 ·10Ο·1β1·1β2·181 for tackling a number of prob-
lems in solid state physics.
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