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Different explanations offered for the enhanced Raman effect (RE) which is found during the
adsorption of molecules are discussed in terms of the theory of optical adatom properties,
The bound electron state in the adatom—metal system which is included in this theory ex-

plains the resonant character of Raman spectrum excitation by adsorbate molecules forming
a complex with metal adatoms.

It has been shown in [1-4] that the anomalously intense Raman effect (RE) of molecules adsorbed on
electrodes is found only for adsorbate molecules associated with metal adatoms, A similar viewpoint is ex-
pressed in [5-7]. According to [1-7], the anomalously high intensity of the adsorbate's Raman spectrum is due
to a resonant RE (RRE) caused by optical absorption in the metal —adatom system. Such absorption was di-
rectly observed in [2, 4} in electroreflectance (ER) spectra of silver, and apparently it also was observed in
(81, even though a different interpretation of the ER spectra was offered there. The energy of the absorption
band responsible for the RRE is about 1.9 eV, with a half-width of 0.2 to 0.3 eV [4]. Two explanations exist in
the literature for absorption in the adatom—metal system and, accordingly, for the origin of RRE during ad-
sorption, It is proposed in [1-41 that the absorption band arises owing to optical excitation of an electron from
a quaslilevel in the adatom to free states in the metal's conduction band, If now an adsorbate molecule forms
a complex with the adatom by partial charge transfer of an adatom electron to the adsorbed molecule [3], then
a strong modulation of the adatom—metal transition probability by vibrations of the molecule becomes possi-
ble, and this should become apparent in RRE. According to [5-71, the lattice symmetry is reduced in the pres-
ence of an adatom, hence optical intraband transitions in the metal are allowed, and this in turn gives rise to
absorption in the adatom—metal system. The resonant enhancement of the adsorbate molecule's Raman spec-
trum can in this case be described, according to [7], by an expression of the form [91:
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" where oy (w) is the scattering cross section of the light, Hey Is the Hamiltonian describing interaction of
metal electrons with adsorbate molecule vibrations of frequency wy, Hep is the Hamiltonian of electron—pho-
non interaction, w is the frequency of the incident light, | 0) is the electron's initial state, l i) and |j> are
their attenuation constants, yj and vj are the energies of transitions hwj and hwj are the energies of transi-
tions 0—~1i and 0— j, respectively, and 0 and 1 are the vibrational ground state and excited state, respec-
tively. Because of the law of conservation of electron momentum, matrix elements Hep are zero in the ab-
sence of adatoms, In the presence of a symmetry-reducing adatom, transitions with arbitrary energies hwj
becomes possible according to [7], so that RRE should be seen at all wavelengths of the exciting light, The in-
crease in the adsorbate's Raman intensity with decreasing w which is seen in the experiments remains un-
explained from this position, It must also be pointed out that in [5-7], adatoms merely lower the lattice sym-
metry, But symmetry is lowered to exactly the same extent in the presence of other point defects (vacancies,

kinked steps), which according to [5-7] should also cause RRE. However, the experimental data of [4] indicate
that precisely the adatoms are responsible for RRE.

On the mere basis of experimental data, it is difficult to reach specific conclusions as to the nature of
the absorption band responsible for anomalously intense RE. Recent theoretical studles of the effect of.adatoms
on the electronic structure and optical properties of metal surfaces [10-12] are of particular interest in this

L. Ya. Karpov Scientific-Research Physicochemical Institute, Moscow. Translated from if)lektrokhlmlya,
Vol. 18, No. 3, pp. 307-311, March, 1982, Original article submitted February 2, 1981,

0038-5387/82/1803-0273807.50 © 1982 Plenum Publishing Corporation 273



connection. In these papers the interaction of conduction electrons with an adatom is discussed in terms of
electron scattering at the adatom potential, It was shown that the scattering matrix has a pole at the metal
electron energy which equals the energy of the bound adatom state, This result at once reveals the bound state
as a special feature of electronic structure of the adatom—metal system which is not taken into account in [ 5-

_71. According to [5-7], metal electrons can absorb light in intraband transitions, only when the momentum is
not conserved. This evidently is the case only for electrons scattered at an adatom. According to [10-121, such
scattering is most likely for electrons having energies close to the bound adatom state. For bound adatom
states below the Fermi level (as should exist for the silver adatoms on silver), the most intense absorption of
light should occur at photon energies equal to or larger than the transition energy from the adatom's quasilevel
to the metal’s Fermi level, Considering that electronic states of the metal having an energy close to the ad-
atom's quasilevel are localized in part at the adatom [10-12], while excited states having an energy higher
than the Fermi level are localized in the metal, one apparently can interpret the absorption band observed in
[2, 4, 8] as a charge~transfer band in the adatom—metal system, Thus, the mechanism proposed in [5-7] leads
to a result fully in accord with the model of [1-4] when the theory of [10-12] is taken into account. It had been
shown in [10-12], on the other hand, that the level of an isolated atom during adsorption is broadened, and con-
verted to a resonant state that can decompose into states in the bulk and surface bands of the metal. In other
words, the adatom electron is partly delocalized, and unlike [ 1-4], the transitions in the entire electronic
adatom—metal system [10-12] must be considered when describing the optical properties of a metal in the
presence of adatoms. One can see that from the theoretical position of {10-12], the models of [1-4] and [5-7]
are not inconsistent, but they stress separate aspects of the complicated adatom—metal interaction.

Let us examine from the position of [10-~12] the behavior of the resonant Raman spectraof molecules ad-
sorbed on electrodes. Their basic features are as follows: (a) resonant character of the spectral intensity as
a function of frequency, w, of the exciting light 3, 8, 13, 14]; (b) a dependence of the intensity ratios of differ-
ent lines on w [14]; (c) a dependence of the intensity ratio, IS/Ias, of Stokes and anti-Stokes lines on w [3, 41;
(d) enhancement of practically all lines of the molecule's vibrational spectrum during adsorption, including
lines which under ordinary conditions are active only in the IR spectra [15]; and (e) an enhancement of spec~
tral intensity during adsorption by six orders of magnitude. '

For the discussion we shall use relation (1), and only point out that electronic states |0), |i), and [j)
are described by wave functions which in {12] have been calculated while allowing for the effect of metal ad-
atoms. If we assume, as in [9], that matrix elements (1, j| Hey|0, i) are independent of i.and j we have

o.(a)~|a(e)el{ozae,)|% ' (2)

The plus and minus sign in (2) refer to anti-Stokes and Stokes lines, respectively. It must be pointed out
that relation (2) can be obtained, under appropriate assumptions concerning the form of the matrix elements,
even from expressions more general than (1). One can see that the dependence of ¢, on w should qualitatively
duplicate the frequency dependence of polarizability o of the adatom—metal system; the imaginary part of this
function is described, according to [12], by the relation
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where E; is the energy of the isolated atom's highest occupied level, which upon adsorption is displaced by A
and broadened to a width T', Tj =((E; + A+ hw) is the width of the excited electronic state, and EF is the en-
ergy of the Fermi level. (We do not report the unwieldy expression for a'(w)). It had been shown in [12] that
function o' (w) has a maximum at hw = hwp = Efp — E, — A, i.e., at the energy corresponding to the transition
from the adatom to the metal's Fermi level. Function o' (w) according to [12] also has structure close to this
energy. Thus, the results listed under (a) are qualitatively explained with the aid of theory [ 10-12]. We point
out that the assumed constancy of matrix elements Hgy cannot influence this result, In fact, electron—vibra-
tion interaction should only be strong when there is appreciable overlap between the wave functions of the con-
duction electrons and the nuclear wave functions of the adsorbate molecule. This condition basically holds only
for electrons with energy E;+ A partly localized at the adatom, i.e., the matrix elements Hgqy are largest
when |i> and | j) are the excited states of these electrons. One can assume, therefore, that the resonant char-
acter of o (w) is more pronounced than that of o' (w). It is interesting to note that function o'' (w) ought to
be asymmetric relative to wp [12]. This evidently is due to the fact that upon excitation with light of frequen-
cies w > wy, one has strict resonance with unoccupied states in the conduction band, but this is not the case for
w < wp. The experimental oy (w) [8, 13, 16] so far do not provide a clear answer as to their asymmetry, since
a gingle point is reported for w < wp in [16], while no measurements at all were performed in this region ow-
ing to experimental limitations in [8, 13]. We believe that the discovezfy of asymmetry in spectra of oy (w)

274



would be a very important argument for the application of theory [10-12] in explaining adsorption-induced RRE.
We add here that (2) also yields the dependence of Ig/Ias on w listed under (c).

The w-dependence of line intensity ratios in the adsorbate's RRE spectrum that was mentioned under
(b) can be explained as follows. The region where the adatom electron is localized is of the same size range
as the adsorbate molecule; therefore, matrix elements (1, j|Hey |0, i) in (1) which characterize the interac-
tion of excited adatom states with vibrations of the molecule should depend on the form of the given vibration.

Hence the shape of the curves of oy (w) determined by the sum in (1) also should be different for different vi-
brations.

We point out that the line intensity ratios in the Raman spectrum of a molecule may substantially change
upon adsorption, since the intensity of this spectrum is determined by interaction of the molecular vibrations
with the metal electrons, and not with the electrons of the molecule itself. The interaction of molecular vibra-
tions with the electrons of the adatom—metal system evidently can be regarded as the result of modulation of
adatom potential V, [10-12] (at which the metal electrons are scattered) by the molecular vibrations. On the
assumption that a charge-transfer complex is formed between the adsorbate molecule and the adatom [3], the
modulation of potential V, by the molecular vibrations basically should be seen as a modulation of the degree
of charge transfer between adatom and adsorbate. In view of the important asymmetry of the adsorbate—
adatom-—metal system, this charge transfer apparently can be modulated sufficiently strongly by many kinds
of vibration. The strongest modulation of charge transfer ought to occur in the case of IR-active vibrations
modulating the molecule's dipole moment, and this explains the observations reported under (d).

Coming to (e) we shall use relation (3) to estimate the RRE spectrum intensity of an adsorbate interac-
ting with an adatom. We find o'' = 6° 10723 cm® when substituting into (3) the parameters of the absorption
band observed in ER spectra (4], and assuming that the width of the excited state I‘l =1 = 1leV. The_scattering
cross section, o, for the Rayleigh line which is given by o = 871w'a?/3¢t will amount to about 3+ 10”2 em?,
Considering that usually the intensities of Raman lines are about 2 orders of magnitude lower than those of the
Rayleigh line [17] we obtain oy ~ 3 10 % cm?, The scattering cross section in the usual, vibrational RE is on
the order of 1072 cm? when it is excited with red light [18]. Thus, RRE by adsorbate molecules interacting
with adatoms will produce an adsorption-induced enhancement of the spectrum of no more than three to four
orders of magnitude. One can see that this figure is markedly lower than the intensity increase of the Raman
spectra found upon adsorption in the experiments. We point out in this connection that a similar conclusion is

reached also from an estimate of oscillator strength of the electronic transition that would be needed to pro-
duce such an increase [2].

In addition to the mechanism of [ 1-4], a number of papers suggest enhanced intensity of the exciting
electromagnetic field close to the metal surface as a reason for anomalously intense RE. This enhancement is
possible when a surface plasmon is excited on a rough surface [13], or when intrinsic plasma oscillations are
excited in metal particles having a size much smaller than the wavelength of the light, which according to [19]
are present on the surface. Presently the situation is such that the bulk of the data (the behavior of Ig/I g, the
w-dependence of the line intensity ratios of the Raman spectrum) can be explained only in terms of RRE aris-
ing upon adsorption. Results such as adsorption-enhanced spectrum intensity and its w-dependence can be ex-
plained qualitatively with any of the hypotheses, but in a number of cases one must adduce rather artificial
arguments, It was discovered in [20], on the other hand, that a certain enhancement of a molecule's Raman
spectrum will result even when it is 50 A away from the surface. This result evidently can only be explained
in terms of models allowing for plasmon excitation,

It is very important to realize, héwever, that neither RRE nor theories of [19, 20] seem ableto explain the
extent (six orders of magnitude) of Raman spectrum enhancement found, in particular, upon the adsorption of
pyridine, This argument, and the data reported above, clearly demonstrate that the overall effect of anoma-
lously intense RE must be the result, both of RRE and of enhanced intensity of the exciting field close to the
metal surface. The importance of the first factor is determined by the number of metal adatoms and by the in-
teraction of adsorbate molecules with them. The importance of the second factor is determined by the degree
of surface roughness and, probably, by illumination geometry. It seems that the relative importance of these
factors to Raman spectrum enhancement can be different in different adsorbate—metal systems, so that some
authors are led to hypothesize RRE, while others are induced to conclude that surface plasmons are def:islve.
For pyridine in particular, one also must reckon with a possible Raman enhancement owing to correlation of
the molecular vibrations at high degrees of coverage [2].

The model discussed in the present work can be generalized to include a wider range of adsorbed species
and adsorption sites, It has been shown above that an adatom on one hand gives rise to intense light absorption
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in intraband transitions, but on the other hand it is an effective adsorption site mediating sufficiently strong in-
teraction of the molecular vibrations with the metal electrons. Yet optical intraband transitions — this has been
pointed out before — can occur also during electron scattering at other point defects of the metal surface, even
though the intensity of these transitions may be much lower than that found in the case of adatoms. Moreover,
upon chemisorption the adsorbed molecule itself is a site for electron scattering, and hence can play the same
part as an adatom. It is obvious that in all these cases, the Raman intensity will also be determined by the de-
gree of interaction of the molecular vibrations with the metal electrons. One can conclude, therefore, that ad-
sorption always will lead to a certain increase in the molecule's Raman spectrum intensity. The magnitude of
this increase ought to depend, both on the adsorption properties of the surface (the presence of adatoms and
other defects) and on the type of adsorption bond existing between the molecule and the metal.

In conclusion the authors express their gratitude to A. M. Brodskii and R. R. Dogonadze for discussing
the results and giving useful comments,
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