
production of the train of pulses delayed by kr (k — 0, 1, 2)
(in the case of modulation exactly in accordance with cos COT
it will result in the appearance of a single echo pulse).

In Fig 2 we have shown the time response of the sample
for which the transmission spectrum is given in Fig. I.9 To
the right of the probing pulse which has passed through the
sample we can see echo pulses delayed in time by 80 and 160
psec. Below for comparison we have given a portion of the
train of pulses which burned the holes. We note that from the
damping of the pulses it is possible also to estimate the phase
relaxation time 7"2, which turns out to be in the range 200-
300 psec.

It should be emphasized that the photochemically accu-
mulated stimulated spin echo does not require high intensi-
ties of laser pulses. The burning of the holes, and even more
so the probing, is carried out in great detail. The basis of the
phenomenon is provided by the high photochemical quality
of the material, which is due to the well expressed purely
electronic lines in the spectra of the material. Here the echo
is extremely strong. In Fig. 2 the first amounts to 2-3% of
the main part of the probing pulse. By choice of the composi-
tion of the photosensitive material and optimum regimes of
burnout, Rebane et al.9 have been able to increase the inten-
sity of the first-order echo to 30% of the zero order and to
observe echos of five orders.

The average intensity in the burning was 0.1 mW/cm2

and the peak intensity was 0.1 W/cm2, while the irradiation
dose was about 20 mJ/cm2, i.e., the time of bombardment
was 200 sec or the action of 1.6-109 pulse trains was stored.

The probing pulses were 103 times weaker than the burning
pulses, i.e., in one reading pulse there were 102 photons/cm2.

Photochemically accumulated stimulated light echo
can be used also to obtain light pulses which are inverted in
time. For this it is necessary in the burnout to send first the
signal pulse and then, with a delay r, the reference pulse.
Probing of the resulting spectral hologram by a reference
pulse attenuated by 1000 times reproduces in the form of an
echo the shape of the signal pulse but inverted on the time
scale.
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V. M. Agranovich. Contemporary problems of surface
spectroscopy. This report contains a brief characterization of
the main steps of development at the Institute of Spectrosco-
py of new optical methods of spectroscopy of surfaces and
very thin (down to monolayer) films, which have arisen dur-
ing the last ten years and which are based on use of the fol-
lowing techniques: a) surface electromagnetic waves in the
optical range (see the review in Ref. 1) and b) enhanced Ra-
man scattering.

a) Experimental determination of the dispersion of sur-
face electromagnetic waves turned out to be possible at the
beginning of the 1970's, in particular as the result of the
widespread introduction of the comparatively simple meth-
od of frustrated total internal reflection. In this connection
at the same time it was noted at the Institute of Spectrosco-
py2'3 that the presence of a transition layer (or of a very thin
film of thickness much less than the wavelength of the sur-
face electromagnetic wave) in some cases leads to a funda-
mental rearrangement of the dispersion law of the surface
electromagnetic wave—a law which, if one does not take
into account the transition layer, is determined only by the
bulk values of the dielectric permittivity of the media in con-
tact. The influence of the transition layer turned out to be
especially strong under conditions in which one or more ei-
genfrequencies n of its vibrations resonate with the surface
electromagnetic wave. In this case gaps of width

A~n ̂ d /A, are formed in the spectrum of the surface elec-
tromagnetic wave. The existence of the square-root depen-
dence of the gap width A on the dimensionless parameter d /
A was decisive: in many interesting cases the value of A
turned out to be greater than, or of the order of, the homo-
geneous line width of the surface electromagnetic wave, ob-
servation of the splitting became possible, and it was accom-
plished both in the infrared region and in the visible and
ultraviolet regions of the spectrum.4"6 As an illustration we
have shown in Fig. 1 the results of observation of a gap
formed on deposition on a silver surface of a monolayer of
dye. The data obtained, according to Ref. 6, permit one to
determine the orientation of the molecules in the monolayer
and the oscillator strength of the transition. A more detailed
discussion of resonance and nonresonance effects of the
transition layer can be found in Ref. 7.

It is clear that the resonance phenomenon discussed
above is of a universal nature, and in a certain sense it is an
analog of the well known longitudinal-transverse splitting of
light waves of bulk crystal optics. In connection with the
possibility of experimental observation of the dispersion of
surface electromagnetic waves in the region of a resonance,
we have carried out at the Institute of Spectroscopy addi-
tional, more detailed studies in this direction. Here as a re-
sult of the allowance for the spatial dispersion, additional
surface electromagnetic waves were observed.8 The presence
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of additional surface electromagnetic waves required gener-
alization of the theory of diffration of surface waves for the
region of a resonance, which was carried out in a series of
studies.9 The theory developed in this work predicts a num-
ber of optical effects which may be of interest, especially for
study of the spectra of thin films. For example, in study of
the diffraction of a surfce electromagnetic wave at an imped-
ance step formed, for example, upon deposition on a metal of
a thin dielectric, metallic, or semiconducting film, we ob-
served an effect similar to the well known effect of residual
rays: when a surface electromagnetic wave with a white
spectrum falls onto the edge of the film, there are produced
in the spectrum of the diffracted bulk radiation spectrally
narrow peaks at the eigenfrequencies of the vibrations of the
film. Since we cannot discuss the theoretical results in more
detail here,9 we shall only remark on the promise of develop-
ment of the crystal optics of surface electromagnetic waves
in the vicinity of a resonance with vibrations in the transition
layer (film). Like bulk crystal optics in the region of exciton
resonances, this field of research is also potentially rich.
However, as has occurred in the case of bulk crystal optics,
the development of research here is being held up mainly by
technological difficulties in the preparation of the samples
(surfaces) and the insufficiently rapid introduction into labo-
ratory practice of various forms of spectrometers utilizing

the unique properties of surface electromagnetic waves (see
for example Refs. 10 and 11). The requirements of science
and technology and, in particular, the necessity of develop-
ment of the technology of production of surfaces with speci-
fied optical (waveguide) and spectral properties, and also the
need of development of the spectroscopy of physical and
chemical adsorption, will apparently assist the initiation of
new research.

b) For about the last five years the problems of enhanced
(giant) Raman scattering of molecules adsorbed on rough
surfaces of a number of metals (Ag, Cu, Au, and certain
others) have evoked great interest and are being widely dis-
cussed at various kinds of conferences and also in numerous
articles and reviews (see in particular Refs. 12 and 13). It is
now usually assumed that the enhancement of the Raman
scattering process (surface-enhanced Raman scattering—
SERS) is, crudely speaking, due to two factors—the effect of
the local field (the electrodynamic or long-range enhance-
ment mechanism) and chemical (short-range) mechanisms.
The electrodynamic enhancement mechanism appears most
distinctly on surfaces which, accidentally or in special prep-
aration, have been roughened so that the local plasmons (see
for example Ref. 14) are rather stable. Since the effects of the
local field should appear in all linear and nonlinear optical
processes occurring on the surface, in a number of cases the
contribution of the electrodynamic enhancement mecha-
nism can be evaluated also from independent experiments
(see Ref. 15, where the generation of the second harmonic on
reflection of light from a roughened silver surface has been
studied). Estimates of the long-range mechanisms of en-
hancement of Raman scattering have stimulated the devel-
opment of the electrodynamics of rough surfaces12 and
rough films.16 In this field many interesting results have al-
ready been obtained, but a number of possibilities remained
inadequately studied, such as those due to plasmon localiza-
tion and phase transitions.

Recently we have considered the possibility of the exis-
tence on a rough surface also of nonlinear local resonances,
which are analogs of nonlinear surface waves on a smooth
surface. These nonlinear local resonances, in particular for
frequency values a> close to io\\ [e(«n) = 0], arise when one
takes into account the dependence of the permittivity on the
intensity of the electromagnetic wave, e(a>) = e0(a>) + a|E|2;
the frequencies of the nonlinear local resonances also depend
on this intensity and even the region of their localization ( a
step or valley, etc.). The possibility of existence of nonlinear
local resonances means that when the optical nonlinearity is
taken into account, for example, the color of films or sur-
faces should change with increase of the intensity of the radi-
ation hitting the surface, and that this change can, generally
speaking, be modeled. It is clear that nonlinear local reson-
ances should in general contribute also to the enhancement
of Raman scattering on surfaces, harmonic generation on
reflection, and so forth.

We note, however, that in spite of the abundance and
diversity of still unsolved problems of the electrodynamics of
rough surfaces and films, in study of SERS the interest has
shifted to search for chemical enhancement mechanisms.13

The existence of these mechanisms is now unquestioned (see
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for example Ref. 14). Analysis of them is quite urgent, since
it can be useful for study of the features of electron-electron
and electron-phonon interactions in molecules chemisorbed
on a metal surface.

At the Institute of Spectroscopy, even before the discov-
ery of SERS, as the result of attempts to evaluate the influ-
ence of chemisorption on the temperature of superconduc-
tivity of thin metal films, theoretical studies were made of
the effect of contact with a metal on the electronic and vibra-
tional excitations of the molecules in physical adsorption17

and chemical adsorption.18 In particular, attention was de-
voted to the existence under these conditions of excitations
corresponding both to the transfer of an electron from the
metal to unfilled states of the molecule, and to the transfer of
an electron from a molecule to the metal (see Ref. 19; here
obviously we are considering so-called charge-transfer
states). The existence of states of this type can lead to those
features of SERS which correspond to resonance Raman
scattering, and Otto13 is inclined to this particular interpre-
tation of the chemical nature of the enhancement. However,
the question as a whole remains open since the spectrum of
states of the metal in the bulk is broad, and for interpretation
of the experiment in Ref. 13 it is necessary to postulate on the
metal surface a rather sharp maximum of the density of sur-
face states, which furthermore must be located near the Fer-
mi level. In this connection interest is presented also by other
chemical mechanisms of enhancement and particularly the
mechanism proposed by Malshukov.20 This mechanism, un-
der conditions of SERS, permits one to relate the width of
the lines of the scattering spectrum to that part of the intensi-
ty increase which is due to an adiabatic flow of charge from
the molecule to the metal and back, which arises in the case
of vibrations of the nuclei (details can be found in Ref. 21). It
is very urgent to investigate both theoretically and experi-
mentally the chemical nature of the enhancement and in par-
ticular the nature of the active spots13 (see also Ref. 22). Only
on the basis of such studies will it be possible, apparently, to
answer the question of to what degree enhanced Raman scat-
tering can be used also for study of heterogeneous catalysis
and other questions of surface chemistry.
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