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toward the exciting line, while its intensity increases.9

The sharp increase in the dielectric constant, which is
contributed to not by a single "soft mode," but by a
whole series of vibrations, is explained accordingly.

We draw attention to certain features in the behavior
of Raman lines with the approach to a phase-transition
point. Not one but several successive vibrations A, B,
and C participate in the "softening" process (see Fig.
1). First to soften is vibration A with a comparitively
high frequency ωΛ, which gradually decreases with in-
creasing temperature, approaching the frequency o^ of
vibration B. As the frequencies of these vibrations
move closer together, they begin to interact strongly.
As a result, the frequency of vibration A remains con-
stant as the temperature rises further, but the fre-
quency ωΒ begins to decrease, i. e., vibration Β is
assuming the role of the "soft mode." Things continue
in this way until frequency ωΒ approaches the frequency
o;cof vibration C. Then vibrations Β and C interact,
and vibration C continues the "relay" in the frequency
decrease. Its frequency rapidly drops nearly to zero,
in exact agreement with the "soft mode" theory. This
"relay race" of vibrations can be traced clearly in the
changes of the Raman spectra of antimony sulfiodide
SbSI5'6 as the pressure is raised (see Ref. 10).

We might also mention the thoroughly studied transi-

tion of quartz in which the frequency of one of the lines
drops from 207 to 165 cm"1 as the temperature rises
and then changes no further. A second-order line as-
sumes the role of the "soft mode," its frequency de-
creasing from 147 cm"1 to ~40 cm*1 (see Ref. 11).

In view of the interaction of several cyrstal-lattice
vibrations with progressive softening of first one and
then another, the "soft mode" concept would appear to
us to retain its significance as the leading idea for
explaining the properties of crystals in second-order
phase transitions.
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V. M. Agranovich. Surface electromagnetic waves
and Raman scattering on surface polaritons. In connec-
tion with the development of radio, there was interest
in surface waves as early as the beginning of the pres-
ent century, and the earliest publications known at
present that discuss them were E. Conn's course of
lectures "The Electromagnetic Field"1 (1900) and K.
Uller's dissertation2 (1903). However, the best-known
work of that period was done by Zenneck3 (1907) and
Sommerfeld4 (1909). They discussed the structure of
the electromagnetic field created by a radiator situated
above the interface between two media.

The first of these studies, namely that of Zenneck,
turned out to be erroneous. Zenneck assumed that the
electromagnetic field at distances far from the radiator
could be described as a surface wave (Zenneck wave).
However, Sommerfeld's fundamental study contains the
complete analytic solution of the problem, although it
is expressed in a form unsuitable for direct compari-
son with radio-propagation experiments. W. A. Fock
and E. N'other made important contributions to discus-
sion of this solution.

An intriguing and profound discussion of the prob-
lems that arise here will be found in the paper by L. I.
Mandel'shtam and I. D. Papaleksi.5 It appears that
Mandel'shtam had become interested in surface elec-
tromagnetic waves during the years in which the papers
of Refs. 1-4 were being published. At that time, Man-
del'shtam was working at the University of Strasbourg,
and such scientists as C. F. Braun (the 1909 winner
of the Nobel Prize in Physics), E. Cohn, and Prof. I.
Zenneck, to whom, Papeleksi writes,6 Mandel'shtam
was bound not only by common scientific interest, but
also by mutual sympathy, were his university collea-
gues.

In his well-known 1914 study,7 Mandel'shtam built an
optical analog of Sommerfeld's radiotelegraph experi-
ment, in which he placed a light source near the bound-
ary separating two media. Here Mandel'shtam used a
total internal reflection prism, so that the entire setup
was closely similar to what now comprises the method
of disturbed total internal reflection (DTIR) for pump-
ing surface waves. Mandel'shtam himself makes di-
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rect mention of the possibility of exciting surface el-
ectromagnetic waves and the interesting problems that
would then open up. On the whole, however, the prob-
lem of surface waves in the optical range was not ac-
tively pursued in those years. Problems of radiotele-
graphy were more important for practical needs. Ac-
cordingly, wave-propagation research was carried out
in the Soviet Union under Mandel'shtam and Papaleksi's
direction. A number of decisive experiments were
made possible by extensive use of the radiointerference
methods that they developed for measuring distances.5

Their results, which were collected in V. V. Migulin's
doctorate dissertation and published in 1947 in this
journal,8 demonstrated contrary to Zenneck3 that the
field at the interface far from the source cannot be
described as a surface wave and requires the use of
Sommerfeld's more general solution.4

Nevertheless, it is stressed in the book of Ref. 5 with
respect to Zenneck's approach that "there is no doubt
that his work played a role in the sense that its appear-
ance aroused stronger interest in the problem and
stimulated publication of further studies."

At any rate, interest in surface electromagnetic
waves appeared to have died thirty years ago. Today,
these waves, but now in the optical range of frequencies
(where they are usually called surface polaritons), are
being studied by various methods in the world's leading
laboratories, and their properties are being discussed
widely in the scientific periodical literature, at confer-
ences and symposia, etc.

The new interest in surface waves has grown out of
the rapid development of research on the physical pro-
perties of the surfaces of solids, which lend urgency
to the search for new optical methods for their study.

Crystal optics is used in studying the propagation of
body waves in crystals. Experimental study of the
propagation and damping of these waves yields infor-
mation on the spectrum of elementary "body" excita-
tions. But for analysis of the surface properties of the
medium, we may expect the largest amount of informa-
tion from a study of the propagation in crystals not of
body waves, but of surface electromagnetic waves in
which energy is propagated only along the surfaces or
boundaries separating the media. Study of the damping
of these waves and of their reflection and refraction at
the boundaries (lines) of separation, i.e., "surface
crystal optics," is now playing an important role in
study of the spectral properties of crystal surfaces.
We have surface-wave metal optics,18 the thermal
stimulation of emission of surface waves,36 and their
selective absorption in ultrathin layers on the surfaces
of metals37 are under study, nonlinear-optics methods
involving surface waves are being developed,35 and so
forth. The results that have already been obtained
open prospects for the development of new methods for
investigating the spectral properties of the transitional
layers that are always present at interfaces, and, in
particular, new ways of studying phase transitions33

and chemical (catalytic) and possibly biophysical effects
of the surfaces of condensed media. Realization of
these possibilities might, for example, promote the

use of intracavity laser spectroscopy to design new
methods for generation of surface waves and study of
their properties.

We stress that in the work of both Zenneck3 and Som-
merfeld,* the appearance of normal solutions of the
electromagnetic-field equations with the nature of sur-
face waves resulted from the presence of the imaginary
part of permittivity (or real conductance) in one of the
media. In this context, the discovery of Wood's anom-
alies (1902)9 and the interpretation given for them by
Fano10 were fundamental for development of the theory
of surface waves.

Wood observed that on reflection of light from a met-
allic diffraction grating, sharp narrow gaps in reflec-
ted intensity appeared for certain wavelengths if the
incident light was polarized in the plane of incidence.
U, Fano10 was the first to recognize that the reflection
decrease under these conditions was due to generation
of surface waves. It was also shown10 that surface
waves may also appear when the imaginary part of the
permittivity of one of the media is negligibly small but
its real part is negative (for a plasma this corresponds
to the case ω < ωρ and ωτ » 1, where τ is the relaxation
time and ωρ is the plasma frequency). The surface
waves that appear in these cases are sometimes called
Fano waves. It is important that today, when study of
surface waves is developing so broadly, it is Fano
waves rather than Zenneck waves that are usually the
objects of investigation. This situation should come
as no surprise in view of the fact that in the optical
range it is the Fano waves that are usually normal sur-
face solutions corresponding to the surfaces of the
crystals or the boundaries separating them. This is
easily understood when it is recognized that ε(ω)
ε.{ω2 - ω"2)/(ω2 - ω«), for dielectrics in the neighbor-
hood of resonances of the permittivity ε(ω), which cor-
respond to rather large oscillator strengths, and damp-
ing is quite weak: ε = ε' + it" a ε'; ε'(α>) < 0 for ω" > ω
>ω±. In metals, for example, under the conditions of
the normal skin effect ε(α>) = 1 - ω|/ω[ω + (i/τ)] = ε'
+ ίε" and for ω » Ι/τ the value of ε"(ω) satisfies ε"(ω)
« Ι ε'(ω) I, with ε'{ω) = 1 - (ω£/ω2) and, if ω < ωρ, we
have ε'(ω) < 0. For a boundary with a vacuum, the dis-
persion law of surface waves takes the form

where k is the two-dimensional wave vector corres-
ponding to wave like propagation along the interface be-
tween the media (more general situations, and, in par-
ticular, situations for anisotropic media, are discus-
sed in Ref. 11). The derivation of the dispersion law
(1) was given in the 1957 edition of the book by L. D.
Landau and Ε. Μ. Lifshitz.12 We know of no earlier
publication of this relation1'.

Relation (1) corresponds to a sharp boundary between
the two media. However, allowance for even a micro-

"The 1958 paper by Ferrell1 3 states that this relation was also
derived in an unpublished paper by E. A. Stern.
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scopic transitional layer sometimes results in signi-
ficant changes in the surface-wave dispersion law. For
example, resonance of vibrations in a transitional
layer with a surface wave (see Ref. 11) results in the
appearance of a gap in its spectrum (for observation of
such a gap see Ref. 14). This and similar effects indi-
cate that it may be possible to use surface waves to
develop a surface spectroscopy. We also note in this
context the possibility (see Ref. 34) that surface elec-
tromagnetic waves may appear on a boundary separat-
ing the "right-hand" and "left-hand" modifications of a
gyrotropic crystal. Such waves could be used to study
spatial dispersion effects (gyrotropy, etc.).

We considered it appropriate above to discuss certain
stages in the development of surface-wave concepts
(see also Ref. 15) because contemporary physical
thinking in this area has been extremely closely related
to the legacy of one of the first discoverers of Raman
scattering—the legacy of L. I. Mandel'shtam, and his
penetrating insights into what is common to and is dif-
ferent for optics and radiophysics and the ideas set
forth in his 1914 paper are widely used. As we have
already noted, one of the methods for pumping surface
waves is based on use of the DTIR prism1 6 '1 7; the in-
teraction of optical radiators with metallic surfaces
a short distance away is studied in analysis of " metal-
lic" quenching of the luminescence of organic mole-
cules, and so forth.

Although the question of Raman scattering of light by
surface waves (by surface polaritons) has arisen more
than once (see, for example, Refs. 19 and 20), obser-
vation of the process has encountered difficulties of a
technical nature owing to the small size of the scatter-
ing volume. The first successful results (for CaAs)
were obtained only in 1973 by Ushioda's group in the
United States.21 The scheme of the experiment and the
results were described in Ref. 11 (see also Ref. 22).
As of this writing, Ushioda's work is the only one in
which spontaneous Raman light scattering by surface
polaritons has been observed. However, surface pola-
ritons have recently been observed for GaP by active
Raman spectroscopy and spectroscopy in k-space.23

In these studies, Raman scattering methods showed
the dispersion law for surface waves to be in full
agreement with the theoretical formula (1). The theory
of Raman light scattering by surface waves was devel-
oped in Refs. 25-32.

Usioda et al.u also observed Raman scattering of
light in extremely thin crystal waveguides (a theory of
this scattering is given in Ref. 32).

The results obtained in recent years open up broad
prospects for the development of surface crystal optics.
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