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| Preface

The experimental and theoretical study of light scattering has a lengthy
history and some aspects of the phenomenon were well understood by the
end of the nineteenth century. Its value as a tool for investigating the
propgrties of matter, however, was fully realized only with the interpreta-
tion and obseryation of inelastic light scattering by Brillouin and Raman
in the 1920s. More recently, the invention of the laser has extended and
deepened the range of material properties accessible to measurement by
light-scattering spectroscopy.

As with any field of science, the development and expansion of lnght-
scattering work has necessarily led to a degree of fragmentation of the
field. Thus, studies of gases, liquids, and solids are normally carried out by
. different groups of workers. There are further divisions associated with the
size of the frequency shift of the light brought about by its inelastic
scattering, the shifts being measured with increasing energy by intensity-
fluctuation, Fabry-Perot, and diffraction-grating spectroscopy. A compre-
hensive account of the entire field would be extremely long,

This book is concerned with the scattenng of light by solids, and its
main emphasis is on the study of excitations in crystals by hght-scattcrmg‘
spectroscopy. Chapter 1 surveys the scope of light-scattering experunents
and presents thermain theoretical tools available for calculation of scatter-
ing cross sections. The typical frequencies of excitations in crystals are
such that they can normally be examined by either Brillouin scattering,
using Fabry-Perot interferometric spectroscopy, or by Rantan scattering, us-
ing grating spectrometers, and these techniques.are described in Chapter 2.

The remainder of the book is devoted to a systematic account of the
measurements and theories of light scattering by the various solid-state
excitations. The major part of the published literature is concerned with
light scattermg by lattice vibrations and these receive the greatest emphasis
here. Chapters 3 and 4 cover Raman scattering by nonpolar &nd polar
optic vibrations, while Brillouin scattering by acoustic vibrations is dis-
cussed in Chapter 8. Vibrational effects are also of great importance in the
light-scattering phenomena associated with structural phase changes; these
are freated in Chapter 5. Raman scattering by magnetic and electronic
excitations in crystals is described in Chapters 6 and 7.



vi Preface

The treatment is particularly intended for a graduate student or other
research worker entering the field with the usual undergraduate back-
ground knowledge of quantum mechanics, electromagnetic theory, statisti-
cal mechanics, and solid-state physics, but without any prior knowledge of
light-scattering theory. Some background in group theory would be useful
but is not an essential prerequisite for reading the book. The book is also
intended to serve as a reference text on the basic techniques and theory of
light scattering by crystals. However, in view of its primary role as a
textbook for students, there is no very serious attempt to assign due credit
to those who made the first observations or first theories of the various
phenomena. Rather, we have in each case chosen those expenments and
theories that seem to illustrate and explain the features of interest in the
simplest and most direct ways.

The book uses SI units throughout except for the retention of the inverse-
centimeter as a unit of frequency (I ecm™'=3x%10'"" Hz). This modest
departure from the rules of the International System accords with almost
universal usage in light-scattering research publications.

We are indebted to our colieagues M. G. Cottam, P. J. Dean, P. A.
Fleury, R. T. Harley, J. F. Ryan, J. F. Scott, D. N. Stacey, and C. E. Webb
for helpful comments on the manuscript. We also thank Mhairi Kimmitt,
Mary Loudon, and Margaret Sherlock for their careful preparation of the
typescript, Joan Hayes for assistance with the index, and Mike Kettle and
David Manning for assistance with the figures.

WiLLIAM HAYES

_ RODNEY LOUDON
Oxford, England
Colchester, England
April 1978
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2 ‘ Basic Features and Formal Theory of Light Scattering

Much of the formal theory of light scattering is common to all var-
ieties of measurement. It is the purpose of this first chapter to cover
the common ground and to derive general results that can be applied in
subsequent chapters to scattering by the various kinds of solid-state
excitation. The main goals are a few basic formulas, summarized at the
end of the chapter, for the kinematics and cross section of a light-scatter-
ing experiment.

1.1 HISTORICAL INTRODUCTION

We begin with a brief sketch of the historical development of light-scatter-
ing studies. Some of the earliest investigations were carried out by Tyndall
(1868-1869). He found that white light, scattered at 90° to the incident
light by very fine particles, was partly polarized and also slightly blue.in
color. He concluded that both the polarization and the blue color of light
from the sky were caused by scattering of sunhght by dust particles in the
atmosphere.

Lord Rayleigh (1899), following his earlier work (Strutt 1871a,b,c),
treated the scattering of light by spherical particles of relative permittivity
x suspended in a medium of relative spermittivity «, If the particle
separation is greater than the wavelength A of the light so that the particles
scatter independently of each other, and if in addition the particle radius is
less than the wavelength of light, the intensity of the scattered light is (for a
modern derivation, see Section 72 of Landau and Lifshitz 1960) '

_ ,97*Nyp? '
Ig=1 e (x+2x )(l+cos q>) (1.1

where ] is the intensity of the unpolarized incident light, N is the number
of scattering particles of volume b, r is the distance to the point of
observation, and ¢ is the angle through which the light is scattered. An
important feature of this result, which we shall encounter many times in
the course of the book, is the A ~* dependence of the scattered intensity.
This is known as Rayleigh’s law, and it provides an explanation for the
blueness of the sky. However, Rayleigh knew in 1899 that light is scattered
by gas molecules in the air, and he suspected rightly at that time that
particles of dust in the atmosphere are not essential for the blucness and
polarization of light from the sky.

The treatment of molecular scattering encounters a fundamental prob-
lem of which Rayleigh was aware. In dense media such as liquids and
solids, and even gases at atmospheric pressure, the molecular separation is
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small compared to the wavelength of light. There is now a coherence
between the light beams scattered by different molecules, which no longer
act as independent scatterers. Indeed, the light intensity scattered in any
direction other than forward is zero for a perfectly homogeneous medium
(see Sections 1.2 and 1.3). However, it was well known that apparently
homogeneous fluids scatter light quite strongly. The scattering is especially
pronounced when a fluid approaches its critical temperature, a phenome-
non referred to as critical opalescence (Andrews 1869). ,

The problem of opalescence was explained by Smoluchowski (I1908),
who suggested that the density of an apparently homogeneous medium
nevertheless varies from pomt to point because of thermal motions of the
molecules. Light scattering is caused by density fluctuations, which be-
come large at the critical point. Einstein (1910) showed that the wavevector
of the scattering fluctuation conserves momentum between the incident
and scattered photons. 4

These earlier workers were concerned with the intensity of the scattered
light. Progress in understanding its frequency spectrum was first made by
Brillouin (1914, 1922), who calculated the spectrum of light scattered by

the density fluctuations associated with sound waves. He found that the
~ spectrum of a fluid consists of a doublet split symmetrically around the
frequency of the incident light. The splitting, which is .very much smaller
than the frequency of the incident hght is determined by the velocity of
those sound waves whose wavelength is close to that of the light. The
Brillouin doublets (called Mandelstam-Brillouin doublets in the Russian
literature) were first observed by Gross (1930a,b,c, 1932) in liquid media.
The liquids also showed a central unshifted component in the scattered
light. This was explained by Landau and Placzek (1934) as the scattering
by nonpropagating entropy fluctuations, although details of thé calculation
were not presented in the paper (see Chapter 8); it is generally referred to
as Rayleigh scattering.

While progress was being made in the understanding of scattering by
thermally induced density fluctuations, advances were also in progress on
other fronts. Smekal (1923) studied the scattering of light by a system with

. two.quantized energy levels and predicted the existence of sidebands in the
scattered spectrum. This effect was subsequently observed in Raman’s
laboratory (Raman and Krishnan 1928a,b); it was found that the light
scattered by liquids such as benzene contains sharp sidebands in pairs
symmetrically disposed around the incident frequency with shifts identical
to the frequencies of some of the infrared vibrational lines. At much the
same time, Landsberg and Mandelstam (1928) discovered a similar phe-
nomenon in quartz. This inelastic scattering of light by moleculat and
crystal vibrations is now known as the Raman effect. It is caused by
modulation of the susceptibility (or, equivalently, polarizability) of the

0505269



4 Basic Features and Formal Theory of Light Scattering

medium by the vibrations (and, as described in this book, the scattenng by
other excitations in solids, including plasmons, excitons, and magnons,
occurs by the same mechanism). The vibrational Raman effect was well
documented and well understood by 1934 (Placzek 1934).

After the intense acfivity of the late 1920s and early 1930s, the study of
light scattering proceeded at a more sedate pace, receiving more attention
" in India, Russia, France, and Canada than in other countries (for reviews
of this period, see Menzies 1953; Fabelinskii 1957; and Loudon 1964). This
was due in part to the weakness of light scattering, a second-order effect,
compared with infrared absorption as techniques for determining vibra-
tional properties. This situation was dramatically altered by the invention
of the helium-neon laser in 1961 and by the subsequent development of
improved optical spectrometers and detection techniques. These advances
produced -a renaissance in light-scattering studies, which began in 1964 and
still has considerable momentum. .

1.2° THE SCATTERING CROSS SECTION

1.2.1 Basic Definltions

The main meeting point of light-scattering experiments and theory is the
scattering cross section. We describe here a simple kind of light-scattering
experiment and defme the types of cross section that can in principle be
measured.

Consider the idealized experiment shown in Figure 1.1. An mmdent
parallel beam of light from a laser source passes through a volume ¥V of
some material and is scattered in all directions from all the illuminated
part of the sample. A detector is set up to examine the light scattered at
angle ¢ to the direction of the incident beam. The range of acceptance of
. the detector symbolized by the lens, is limited to a small solid angle 4%,
and the detector field stop restricts the volume v of the sample from which
scattered light is received. The intensities of incident and scattered light are
denoted 9, and Y, respectively.

The magnitude of the scattered intensity is determined by a variety of
factors. One of these is the transmission of the light through the sample
surfaces, which varies with ¢ in a complicated way, particularly for
samples with edges or corners. The resulting dependence of 95 on ¢
obscures the basic physics of the scattering process. It is therefore '
customary to convert the directly measured intensities 9, and Y, solid
angle d@, and scattering angle ¢ into corresponding intensities I, and I,
solid angle 42, and scattering angle ¢ inside the scattering sample. These
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Figure 1.1 Idealized scattering experiment.

conversions can all be made from a knowledge of the sample shape and its

. refractive indices and the beam geometries- (Lax and Nelson 1976). The
variation of the scattering volume b Wlth scattcrmg angle can be similarly
determined.

The experiment thus prov1des results for the variation of I with ¢. An
additional complication occurs for scattering by a crystalline medium,
where the scattered intensity depends not only on the scattering angle but
also on the orientations of the crystal symmetry axes relative to the light
beams. The isotropy of a gas, liquid, or amorphous solid removes thls latter
dependence.

The spread of frequencnes in the incident laser light is normally very
small, and its intensity can be regarded as monochromatic with a single

_ angular frequency ;. However, the scattered intensity is'usually distrib-
uted across a range of frequencies, as shown in Figure 1.2. The peak in the
center of the spectrum is the contribution of the incident photons that have
been elastically scattered with no change in frequency. The remaining
peaks correspond to inelastic scattering and their shifts from w, normally. -
occur in two somewhat separate frequency ranges. The Brillouin compo-
nent, resulting from scattering by sound waves, occurs.close to the
frequency of the incident light; typical shifts are approximately 1 cm™! or
smaller. The Raman component, resulting from scattering by internal
vibrations of molecules or optic vibrations in crystals, lies at higher-shifts,
normally larger than 10 cm~' and often of order 100-1000 cm™'. The
basic mechanisms for Brillouin and Raman scattering are essentially the
same, but the experimental techniques are different; they are considered
separately in Chapter 8 and Chapters 3 and 4, respecnvely
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Figure 1.2 Schematic spectrum of scattered light.
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The inelastic contributions are further subdivided; those scattered
frequencies smaller than w, are denoted wg and are known as the Stokes
component, while the scattered frequencies larger than «,; are denoted w,s
and they form the anti-Stokes component. Each scattered photon in the
Stokes component is associated with a gain in energy Aw by the sample,
where

Sumlarly the sample loses energy ho for each scattered photon in the’
anti-Stokes component, where

B V=W gy (1.3)

The occurrence of scattered photons at particular frequencies wg and
w,s depends upon the ability of the scattering sample to absorb or emit
energy in quanta of magnitude hw determined by.(1.2) or (1.3) The
intensity peaks in the inelastic spectrum thus correspond to the various
. excited states of the sample. The most important application of inelastic
light-scattering spectroscopy is the determination of excitation energies by
. measurement of frequency shifts from w, in the scattered light. Measure-
ments of the frequency widths of the intensity peaks also provide informa-
tion on the excited-state lifetimes.

Measurement of the Stokes part of the spectrum for a fixed scattermg
anglc determines a function '

d’%

70 dws.zspectral differential cross section. . (1.4)

This is defined as the rate of removal of energy from the incident beam as
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a result of its scattering in volume b into a solid-angle element dQ with a
scattered frequency between wg and wg+ dwg, divided by the product of
dQdwg with the incident-beam intensity. The various quantities are de-
termined inside the scattering medium (see Figure 1.1). The spectral
differential cross section has the dimensions of area divided by frequency.

An analogous definition can be made for the anti-Stokes part of the
spectrum. However, it is shown in Section 1.4.5 that the Stokes and
anti-Stokes cross sections for the great majority of scattering experiments
are related to a very good approximation by

dla  _ d% .
n(w)dﬂdws {n(w)+l}dﬂde,s, (1.5)

where the frequencies satisfy (1.2) and (1.3). The Bose-Einstein thermal
factor is explicitly

) 1
ntw)= exp(hw/kyT)~1’ (1.6)

where kj is Boltzmann’s constant and T is the sample temperature. Figure
1.3 shows the ratio n(w)/{n(w)+1} as a function of kzT/hw. The anti-
Stokes spectrum has a smaller strength than the Stokes spectrum, and it is
usually more convenient to. measure the latter. Most theoretical treatments
consider only the Stokes component, relying on- (1. 5) to generate the
corresponding results for the anti-Stokes component.

vy

]
N
W
k-2
3
8
1 .
0 -] 10
kBT/hU

Figure 1.3 Ratio n(w)/{(w)+ 1} of the anti-Stokes to the Stokes cross section as a
function of temperature and frequency shift.
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The differential cross section is obtained by integration of the spectral
. differential cross section,

dﬂ f dwg dﬂ o S..dxfferentxal Cross section. (1.7)

The integration can equally be taken over the frequency w, since wg and w
differ by the constant frequency w, as in (1.2). The range of integration is
usually restricted to include just a single intensity peak in the scattered
spectrum. The differential cross section then determines the total scattering
into solid angle d2 associated with a particular excited state of the sample.
It is often easier to calculate than the spectral differential cross section but
it contains less mformatlon of potent1al value in interpreting the scattering
process.

Finally, the cross section is obtained by integration of the differential
cross section over all directions in space

o= f dﬂ% =cross section. (1.8)

The cross section determines the total scattering in all directions cauged by
© a particular excited state, and its experimental evaluation requires
measurements of the scattered intensity at a large number of scattering
angles. Such series of measurements are rarely made because the sample
excitation .energies, and lifetimes are in most cases independent of the
scattering angle used in their determination (for exceptions, see Sections
4.3, 7.3, and 8.1). The cross section, however, can be computed from a
restricted set of measurements of the differential cross section if a theoreti-
cal expression for the angular variation of the latter is available.

The three varieties of cross section are introduced above .in decreasing
order of importance. All three are referred to simply as the cross section
when the distinction is clear from the context. The ctoss sections for an
extended medium are proportional to the scattering. volume b and quoted
results are usually expressed in terms of a unit volume of scatterer. Note
that a cross section for 1 m® of scatterer expressed in square meters is
numerically equal to 100 times the same cross section for 1 cm® of scatterer
expressed in square centlmeters

1.2.2 Classical Theory of Elastic Scattering

R , ,
Several typical features of light-scattering theory can be simply illustrated
by a classical description of elastic scattering by an atom. Only the main
results need be quoted, since a full account is given in Chapter 11 of



