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The enhancement ratio of Raman scattering for-adsorbed versus isolated molecules has been calculated quantum
mechanically using coupled eigenstates obtained in the preceding paper. There, the surface-plasmon states for a
plane surface were coupled with molecular dipole eigenstates by Fano’s method; the resulting eigenstates with, or
without, consideration of spatial dispersion were discussed. An enhancement ratio 10 can be obtained in this
theory only at an effective resonant frequency w]': The ratio is sharply peaked about 7. The location of @} and
the maximum ratio obtainable depend sensitively upon the dielectric function used to describe the metal. The
experimentally observed ratio by pyridine on silver cannot be obtained using realistic parameter values for the
spatially dispersive dielectric function € (w,k) of silver and the parameters for pyridine. This mechanism, invoking
surface plasmons for a plane surface, is most likely responsible for only a small fraction of the total observed
enhancement, contrary to what could be anticipated from classical image-field theory.

I. INTRODUCTION

Since the first observation by Fleischmann et

- al.! of a “giant” Raman scattering (RS) by pyri-
dine molecules adsorbed on a prepared silver
electrode in a solution, much experimental and
theoretical work has been devoted to providing an
explanation of this phenomenon. Ratios as high
as 10° have been reported experimentally for mo-
lecules adsorbed compared to those free in so-
lution.? Some evidence exists for this effect for
other molecules on Ag, Cu, and Au.®* Responding
to the challenge of understanding the major mech-
anisms involved, several workers have proposed
theoretical models based on the dea that the en-
hancement is a resonant effect.*” King et al.?
and Efrima and Metiu® proposed that the large
image field produced by the induced dipole of

the adsorbed molecule produces a large shift and
broadening of the molecular electronic excita-
tions, thereby causing resonant RS at a frequency
shifted from the isolated molecule excitation en-
ergy. These theories are either qualitative* or
classical.® An essential element in both theories
is the image-field effect, and it will be recalled
that the image field results from the classical,
nonretarded limit of the quantum theory of elec-
tron—-surface-plasmon interaction as shown by
Mahan.

One objective of the present work is to test the
supposition that the interaction between molecule
and surface-plasmon states originating from a
plane surface is the major contribution to the ob-
served enhanced Raman scattering. To this end
we shall use the results of the preceding paper?®

in which we obtained coupled eigenstates of the
composite system by carefully treating the inter-
action between molecule and surface plasmon in-
cluding both spatially dispersive and spatially
nondispersive metal dielectric functions. Here
we use the coupled eigenstates as the intermediate
states in a calculation of Raman scattering cross
sections.

The results of our calculation is that it is im-
probable that the surface~plasmon~molecule in-
teraction for a plane surface is the major micro-
scopic source of the enhanced RS. It is found that
in order for this mechanism to be the principal
operative one, a number of important parameters
in the model must have values which disagree by
as much as an order of magnitude with known val-
ues for systems showing enhancement, such as
the pyridine molecule on a silver surface. We
find that the enhancement of RS on this mechanism
should show typical resonant behavior with a pro-
nounced and well-localized enhancement at an ef-
fective resonant frequency w;/". The position of
w7 and the resonant enhancement ratio (relative
RS intensity of adsorbed and isolated molecules)
depends critically on the density of states or the
dispersion relation of the surface plasmons. The
enhancement ratio also depends sensitively on the
relative interband contribution to the dielectric
function in the frequency range of interest. Since
the enhancement effect is of resonant type, the
pronounced enhancement will only occur in a rel-
atively small frequency range.

If all the parameters in the theory have optimal
values, enhancements of as much as 10°~10° can
be obtained.® However, as will be illustrated and
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discussed below, we consider this to be improb-
able in general and even in serious contradiction
to known parameter values in the cases of pyri-
dine on silver. Most probably, the mechanism
investigated here contributes some fraction ~10°
of the total ~10® enhancement ratie. A notable
omission in the present model is the considera-
tion of the effect of surface roughness.

iI. RAMAN SCATTERING INTENSITY RATIO
FOR ADSORBED AND/OR ISOLATED
MOLECULES

A. Theory
The RS matrix element between an initial state

|7) and final state |f) is well known' to be of the
form

- (fleg Dl (jle; - pli)
M= JZ( sE!_Ei_ﬁwL

IRVALIES TP )ACAER fﬂi))

E;=E;+hw, m

where |j) are the intermediate states, E;, E,,
and E; are energies of the initial, intermediate,
and final states, respectively, and w, is the in-
cident laser frequency. &; and &, are the polar-
ization vectors of the incident and scattered light.

For the system of molecules adsorbed on a
semi-infinite metal surface, the initial state 'i)
is taken to be the ground state of the coupled sys-
tem, i.e., the molecule in the lowest electronic
level and vibrational state, and no surface plas-
mons are excited. The electronic constituent of
the final state 1 f) is the same as the initial state
|i) but now the molecule is in an excited vibra-
tional state: Therefore E; - E; =fw,. We have
restricted ourselves to Stokes processes only,
and we have only considered dipole-allowed tran-
sitions.

In the absence of the metal, choosing the inter-
mediate states |j) to be all possible dipole-al-
lowed excited electronic states and vibrational
states of the molecule, the matrix M gives the us-
ual result for molecular Raman scattering. The
vibrational-state overlap integrals are important
in determining the relative probability of transi-
tions between different states. In this paper, we
shall assume that the molecule has only one vi-
brational state coupled with the excited electronic
level, and vibrational-state overlap integrals will
be omitted. We also assume that the molecule has
only one excited electronic level as we did in the
preceding paper, denoted I.

In the presence of the metal surface, there are
several important changes. First, the incident
electric field felt by the molecules is changed to
the so-called “primary field”® which is the com-

bination of incident and reflected optical fields
from the metal surface. Depending on the coef-
ficient of reflectivity of the metal, the primary
field has angular and polarization dependence.®
Since we are not interested in angle- and polariza-
tion~dependent properties of RS in this paper, the
effect of the primary field will be omitted. (All
these properties should be the same as those
given by Efrime and Metiu® in their classical
theory.)

The intermediate states |j> are now chosen to
be the new eigenstates of the coupled system in
which surface plasmons influence excitations of
the molecules. These eigenstates have been given
in paper I, and here we shall use those results.
As given in Eq. (23) of paper I, the states ]j) are

11)= [¥a)=alB)| 1,8)+ 22 b3(E)|0,d). 2)

Since we have assumed that only one vibrational
state is coupled to the electronic level, the ma-
trix element M becomes

Mocdela(E)lz(<0,gles.pji~1_’§><_l;’ii'ei -p10,g)
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As mentioned above, the vibrational-state overlap
integral is omitted. We remark that Eq. (3) is de-
rived under the assumption that light cannot di-
rectly couple to the surface plasmon, thus the -
terms b,(E) of Eq. (2) do not appear.

The first matrix element in Eq. (3) is much
larger than the second term as the laser frequency
approaches the energy E —€,. Near resonance the
ratio of the scattering cross section for the ad-
sorbed molecules and isolated molecules is given
by

2
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where €, and €, are the two energy levels of the
molecule. According to Eq. (30) of paper I,
|a(E)|? is of the form

[Vgl?
T[E-e, =FE)F+n?v 1T

|a(B)| 2= (5)

F(E) and 7|V |? are the real and imaginary parts
of the function A(E),

AB)= Z L 71— (6)

s E-¢y-liw, —i5’

where Zw, is the surface-plasmon energy and
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|V,|? is given in I by Eq. (15) or (8), depending
on whether or not spatial dispersion or wave-vec-
tor dependence of the dielectric constant of the
metal is taken into account. Substitution of Eq.
(5) into Eq. (4) yields

(€, —€,=Ttw, )?
[ﬁwL+€0—€ —lf(e + 7wy ) 24+ m2| V(€ g+ wy )[4

(7
The second term in the denominator of Eq. (4)

has been neglected in the derivation of Eq. (7).
The. ratio R can be enormous at the effective reso-
nance frequency w;' such that

Iw'+€,~€, ~F(¢,+ rwl)=0 (8)

as long as
F(eg+iw)> | V(e + iwy)|?

Without including spatial dispersion, all plasmon
states 7w, have energies less than 7Zw,,, which is
determined by the equation €(w, )+ 1=0. €(w) is
the dielectric constant of the metal. The density
of surface-plasmon states diverges at w Thus

sp*
by inspecting Eq. (6), we obtain
sgn[F(e,+7w)]=sgn[ReA(e,+Tw)]= sgn(w - w,) .
(9)

logR

1 L 1331 1 13$ 1

B. Pyridine adsorbed on silver

We examined the consequences of this theory
by applying it to the experimentally well-studied
case of pyridine adsorbed on silver. In Fig. 1,
we have plotted the logarithm of the function R
given by Eq. (7) as a function of laser energy
rwg .

A number of cases will be illustrated with and
without inclusion of spatial dispersion and with
and without.inclusion of an interband contribution
to the dielectric function of Ag. These will be
denoted in text and in the figure as follows:

I: interband included, no spatial dispersion;

II: interband absent, no spatial dispersion;

I°,II°; spatial dispersion included inI,II, re~
spectively. )

For the pyridine molecule we take the electronic
excitation energy to be'! €, —€,=4.31 eV. The os-
cillator strength for these two levels in the z di-
rection is chosen as f&=1,'% but in the perpendic-
ular direction f,; = 0.

For silver we can roughly estimate the surface-
plasmon energy by using the simple Drude ex-
pression

f(w)=1-w2/w?, (10)

! !

1 b g
wgp wg,
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FIG. 1. Logarithm of the ratio of RS intensity R between adsorbed and isolated molecules as a function of frequency.
The dielectric function of the metal is given by Eq. (11) for curve I and Eq. (10) for curve II. Curve IS (IIS) has the
same values for the parameters as curve I (II), except the wave-vector dependence is included in the dielectric function

in the form given by Eq. (14).

Note, for clarity, different scales were used in plotting different frequency regimes.

The values of surface-plasmon frequency for simple Drude model (w”) and for the model including background contri-
bution in the dielectric function (w’ ) are indicated. Parameters are taken to have values appropriate to the system
pyridine on silver. Values used for curves are as follows. No spatial dispevsion: I, Eq. (11), a=32.48 eV?, wy=4.57

eV, w,=9.2 eV, wl =3.66 eV; 1I, Eq. (10), w

w=5.4 eV. Spatial dispevsion included: IS, Egs. (11) and (14), ¢/g=2.74

X 102 (other parameters as for I); IIS, Eqs. (10) and (14), ¢/B as for IS (other parameters as for II). In all cases R,

=1.5 A and T'=107.



5964 TING-KUO LEE AND JOSEPH L. BIRMAN 22

where the volume-plasmon frequency Zw,=5.4 eV.
Thus the frequency w,,, determined by the equa-
tion €(w, )+ 1=0, is Zw,,=3.82 eV.. Including an
interband contribution to the dielectric function
we have )

e(w):l—wﬁ,/w%sb(w) (11)
and
e(w)=—2, (12)

The parameters are chosen to approximately fit
the measured optical dielectric constant of Ag
(Ref. 13): a=32.48 (eV)?, iw,=4.57 eV, and fiw,,
=9.2 eV. Thus 7w ,=3.66 eV.

We can now calculate the functions given in Eq.
(8) and locate the effective resonance frequency
wy. Notice that F(E) and |V, |? in Eq. (7) are
evaluated using Eqs. (37) and (44) of I, where
the lifetime of surface plasmon is chosen as I
=107 eV. The consequence of smaller I" and
| V|2, as will be seen immediately below, is a
higher enhancement ratio (at w]') but a narrower
frequency range over which enhancement occurs.
A larger I"' will decrease the calculated enhance-
ment ratio.

In Fig. 1, curves I and II illustrate the quanti-
tative prediction of the surface-plasmon mech-
anism for the enhancement ratio in the absence
of spatial dispersion in Ag. Both curves show a
narrow resonance effect, with 2 orders of magni-
tude enhancement (10° to 10°) in the ranges 2.7
+0.02 eV and 3.39+0.01 eV, respectively. The
peak position w;" of curve I is greatly shifted from
peak of curve II, but the height of peak I is ap-
proximately the same as II. This can be under-
stood from Eqs. (7) and (8), since at w=w]", the
height of the peak is given by

F(eg+ rwp) P

m:
R = V(s rwn| 2

(13)
where the position of the peak, as given by Eq.
(8), depends on F only. The presence of €, re-
duces the coupling between the surface plasmon
and dipole, i.e., V; of Eq. (8) in I, thus reducing
the values of F(E) and |Vg |2. But the ratio of F(E)
and |Vg ]2 is relatively unchanged.

For both curves I and II in Fig. 1, the distance

between the molecule and the surface is chosen
asR,=1.5 A. As discussed in paper I, Eqgs.
(39) and (44), the functions F(E) and |V .|® are
proportional to R;?. Therefore the positions of
the peaks w;" of curves I and II are very sensitive
to the parameter R, [Eq. (8)]. However, it fol-
lows from Eq. (13) that the height of the peak is
independent of R,.

We emphasize that R is not the Raman intensity

of the adsorbed molecule but the ratio between
the adsorbed molecule and the isolated molecule.
Equation (13) has meaning only where we are in
resonance and where there exists a solution w/
to Eq. (8). For large R,, thus small F(E), Eq.
(8) may or may not have a solution wJ', depending
upon the parameters €, —€, and w_ .

We now turn to include the effect of spatial dis-
persion which we include (as in I) in the longitu~
dinal dielectric function of the metal in the form

w2

€(w,k)=1+¢,(w) - T

(14)

As shown by Fuchs and Kliewer,' the dispersion
relation for surface plasmons and density of
states obtained from Eq. (14) are quite different
from those obtained from Eq. (11) in which the
wave-vector dependence is omitted. Including
the effect of spatial dispersion, surface-plasmon
states possessing large wave vectors have ener-
gies above wy,, contrary to the case without con-
sideration of spatial dispersion. Thus Eq. (9) is
no longer correct, and w; may be larger than Wep-
For Ag the parameter 8 in Eq. (14) is chosen as
c/B=2.141x10%, where c is the velocity of light.

In Fig. 1 curves I® and II° show the effect of
spatial dispersion on the predicted enhancement
ratio. First, note the significant shift of the ef-
fective resonance frequency wy due to the men-
tioned consequences of change in density of states.
Second, the effect of spatial dispersion not only
changes the position w]' of the peak but also re-
duces the maximum ratio R™ by an order of mag-
nitude. This reduction of R™ is caused by the in-
crease of | V(e + iiwg’)l 2 which is much larger for
wr> wy . than for w/'< w_ in the absence of spatial
dispersion. Note that besides 8, all other para-
meters are the same between curves II° (I°) and
II (I), which are to be compared.

1. SUMMARY

Using the eigenstates of the coupled system,
surface plasmons for a plane surface and mol-
ecular excitations of the adsorbed molecules as
intermediate states in evaluating the RS matrix
element, we calculated the RS intensity ratio be-
tween adsorbed and isolated molecules. The ratio
R has a resonance denominator, producing a very
sharp and narrow peak as function of laser fre-
quency. The maximum ratio R™, which is at the
resonant frequency w;', may achieve a value of
order of 10 to 10° depending upon the parameters
and various approximations used.

Two functions F(E) and Vel 2 were derived in
paper I; these determine the resonant frequency
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w the width, and the maximum ratio R™. There
are several important parameters needed to
evaluate these two functions. The two most im-
portant parameters, in our opinion, are the dis-
tance R, between the molecule and the surface
and the oscillator strength f,, of the bare mo-
lecular levels. Both F(E) and |V |® are directly
proportional to f;, and R? in the case of neglect
of the effect of spatial dispersion of the metal.
‘Including the effect of spatial dispersion £(E) and
| V| ? is still very sensitive to R, though not pro-
portional to R;® as shown in I.

Besides the intrinsic lifetime I' of the surface-
plasmon states, all other parameters can be
more or less determined from the experimental
values of optical dielectric constants of the metal
and the energy levels of the molecule. The value
of I', which is the lifetime of surface plasmon
in the absence of adsorbed molecules, is given a
value of 107 eV in our numerical calculation.
The “real” value of I' is most likely larger than
107 eV and has been given as I' ~0.08 eV.!® The
corresponding enhancement ratio would decrease
by an order of magnitude.

By using a fictitious dielectric constant for Ag,
i.e., neglecting the large interband dielectric
constant, we obtain the enhanced RS intensity
(curve II of Fig. 1) in the visible frequency range
where experimental results are reported.? As
expected, this result is in qualitative agreement
with the result of the classical image-field theory
given by Efrima and Metiu.> But such a result is
obtained if we assume R, = 1.5 A and foa? 1. The
large oscillator strength is unphysical; the value
of R, is questionable. Much more serious is the
required neglect of spatial dispersion and of the
interband dielectric coefficient ¢,: Both need to
be included if one is to obtain agreement with
known optical properties of Ag. If ¢, is included,
then R, has to-be less than 1 A and f,, to be greater
than 1 to have enhanced RS intensity in the visible
frequency region. But the inclusion of spatial dis-
persion will completely shift the enhanced RS in-
tensity out of the visible frequency range.

Thus to have the resonant RS in the experimen-
tally reported frequency range, we have to use
very restricted values of parameters R, and f,
and must neglect spatial dispersion in the theory
given above (this is also true for Efrima and
Metiu).? In our opinion, choosing the value of
the oscillator strength f,, to be equal to or larger
than 1 is unjustified. Efrima and Metiu® have ob-
tained a large value for f,, from the measured
static polarizability &, of pyridine. But this pol-
arizability &, includes contributions from all the
excited levels of pyridine instead of just the low-
est excited states as was the case considered by
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Efrima and Metiu® and us. The real value of the

- oscillator strength between the lowest excited

value of the oscillator strength between the low-
est excited state and the ground state of pyridine
could be of the order of 10 or less.!! Thus ne-
glecting spatial dispersion, the resonant RS will
not occur at the visible frequency range. Hexter
and Albrecht® have also considered using new
states of the coupled surface plasmons and mo-
lecular levels as intermediate states in resonant
RS. But explicit expressions for the coupled
states were not given. Their final RS matrix ele~
ments disagree with our result.

Before we give conclusions, we shall briefly
review the many approximations used in our cal-
culation:

(1) The molecule is assumed to be a two-level
system. Since surface plasmons only couple
strongly to states with energies close to their
energies, the assumption of the two-level mo-
lecule is a good approximation provided that other
excited states have much higher energy.!!

(2) As discussed in paper I, a dipole approxi-
mation is used in calculating the coupling matrix
element between the surface plasmon and mole-
cular levels. This approximation can be easily
improved to include multipole terms.

(3) The molecule is assumed to be weakly ad-
sorbed on a metal surface. The energy levels
and oscillator strength of the molecule are not
strongly influenced by the metal. The surface-
plasmon dispersion relation of the metal is also
unchanged by the presence of the molecule.

(4) Surface roughness has been completely ne-
glected. Surface roughness will change the sur-
face-plasmon dispersion relation. It will also
provide a direct coupling between light and sur-
face plasmons; thus the RS matrix element will be .

. modified to include extra terms. However, the

position of the RS peak w] should not be affected.

(5) A simple hydrodynamical approximation is
used for the wave-vector-dependent dielectric
function. Specular reflection is used for the
boundary condition. The density of surface-plas-
mon states and dispersion relation will be changed
quantitatively when a different form of dielectric
function is used or a different boundary condition
is applied. This simple form of dielectric func-
tion is used as an example to show the importance
of spatial dispersion. ’

On the basis of our work reported here we con-
clude that surface-plasmon-molecule excitation
coupling for a plane surface using reasonable val-
ues of parameters, may be responsible for some
fraction of the enhancement in RS due to adsorp-
tion of molecules on the metal surface, but the
major mechanism probably resides in other coup-
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lings.

Note added. After this work was completed and
this paper was submitted, compelling evidence
has been amassed on the effect of metal surface
roughness on enhanced Raman scattering from
pyridine on Ag surfaces.'® While there had been
many reports!? of surface roughness effects
from the very beginning of work on the surface-
enhanced Raman scattering phenomenon,!” the
popularity and relative simplicity of the proposed
classical “image-dipole mechanism” of a mole-
cular dipole above a plane metal surface* %7 led
us to formulate the present quantum approach in
this paper and the preceding as an attempt to quan-
titatively test the model. It is now evident that
a theory of the surface-enhanced Raman scattering

requires system eigenstates for which proper ac-
count is taken a priori of the surface roughness.
Work along these lines is in progress.
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