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We have determined the Raman scattering cross section of pyridine molecules adsorbed on a
“‘smooth’ surface of silver prepared and characterized in an ultrahigh-vacuum chamber. The
Raman intensity of the 1004-cm™! line of adsorbed pyridine was calibrated against the scattering
intensity of the same mode from gaseous pyridine and liquid pyridine. The cross section for py-
ridine molecules adsorbed on a “‘smooth’’ silver (100) surface is 4.4 x 102 times greater than
that of gaseous and liquid pyridine molecules. This measured cross section is an upper limit for
that on a theoretically perfect, flat plane of silver atoms.

In the past few years there has been an extraordi-
nary amount of interest and excitement over the so-
called “‘giant” or ‘‘surface-enhanced’’ Raman scatter-
ing by adsorbed organic molecules on metal surfaces.!
In spite of the large number of experimental and
theoretical reports that have appeared on this subject,
no definitive explanation for the reported large
enhancement factor (10*—10°) has emerged. How-
ever, it appears clear by now that surface roughness
of the metal substrate plays an important role in vari-
ous combined ways.? In their recent paper Rowe,.
Shank, Zwermer, and Murray? reported that they
could not observe Raman signals from a monolayer
of pyridine molecules adsorbed on a ‘‘smooth” silver
(100) surface. They could observe molecular vibra-
tions of pyridine in the vicinity of 1000 cm™" only
after they roughened the silver surface. They con-
cluded that the enhancement factor for their
“smooth”’ surface is less than 10% from the fact that
they could not observe the Raman peaks.

In this Communication we describe the first suc-
cessful observation of the Raman peaks from a
monolayer of pyridine molecules on a ‘‘smooth”
silver surface in ultrahigh vacuum (UHV), and fur-
ther present the results of relative cross-section mea-
surements for adsorbed pyridine.

For a silver substrate, an oriented single crystal of
pure silver was cut and polished to have a large (100)
surface of ~1 cm?. The polishing was done in stages
using successively smaller powder sizes of alumina
down to 0.05 um. The resultant surface was mirror-
like in smoothness and scratch-free over most of the
sample face. After polishing in air the sample was
sealed in a UHV chamber with a base pressure of
~1 x1071% torr. The surface was cleaned by argon-
ion sputtering and annealing in UHV at ~400 °C.
The argon ion sputtering was carried out at 500 V
to minimize surface damage. The impurity peaks in
the Auger spectrum of the clean surface were less

than 0.5% of the main silver peak at 351 V.. The sur-
face preparation procedure described above defines
the ‘‘clean’ and ‘‘smooth’’ surface which was used
in the Raman scattering experiments. We should
emphasize here that our surface preparation pro-
cedures are the standard ones used to prepare sur-
faces sufficiently smooth and damage-free to produce
clearly defined low-energy electron diffraction
(LEED) patterns.

Adsorption of pyridine on the sample surface was
tried in several ways, and Auger peaks of carbon and
silver were monitored at each stage. The Raman
scattering data presented here were obtained after 1,
10, and 100 L (107 torrsec) of exposure at pyridine
partial pressures of 1078 to 1077 torr with varied ex-
posure time. All pressure measurements were made
with an ion gauge calibrated for N,, and no correction
was made for the sensitivity of pyridine relative to
N,. The silver substrate was kept at ~150 K during
the gas exposure and the Raman measurements. The
coverage versus exposure curve for our system is
shown in Fig. 1. It is a plot of the ratio of the carbon
signal 15, at 272 V (corrected for the contribution
from silver at this voltage) to the silver signal /{}§ at
301 V. The break in the straight line at ~5-L expo-
sure (uncorrected for ion gauge sensitivity) is indica-
tive of monolayer formation.* This result agrees well
with the exposures necessary for monolayer forma-
tion reported by Rowe et al.? and Easley.’

Raman measurements were made through an 8-in.
window on the UHV chamber. The incident light
was the 5145-A line of an argon ion laser linearly po-
larized perpendicular to the plane of incidence. The
angle of incidence on the silver surface was approxi-
mately 23° from the surface normal, and the scat-
tered light emerging within a solid angle of
1.59 x 107! sr (26° cone) about the surface normal
was collected. The scattered light was not analyzed
with respect to polarization. The spectrum of the

6843 ©1981 The American Physical Society



6844 RAPID COMMUNICATIONS 23

0.6 - .

c Ag
12727139

0.0 1 L 1 1 1 1 |
(o] 2 4 6 8 10 12 14

Exposure ( Langmuir:Uncorrected)

FIG. 1. Pyndme exposure vs coverage. (See text for the
definition of 1§, and I{§.)

scattered light was analyzed by a 0.75-m double-
grating spectrometer interfaced to a minicomputer,
and the number of scattered photons was accumulat-
ed for as long as 100 sec. The Raman spectra ob-
tained in this manner are shown in the top three
traces in Fig. 2 for different exposures. The incident
laser power was 100 mW cw for these three spectra.
We see in Fig. 2 that approximately 1.5 monolayers
(10-L exposure) of pyridine on a smooth silver (100)
surface can indeed be observed by Raman scattering.
The peaks appearing at 1004 and 1032 cm™! have
similar positions and widths to the ones observed by
Rowe et al.® on a roughened surface. When the ex-
posure is increased to ~100 L a new peak appears at
991 cm™!, corresponding to the peak seen in the gas
and liquid phases (two bottom traces). This change
in the Raman spectrum was also observed on a
roughened surface by Rowe et al.> We were able to
measure the weak scattering peaks on a ‘‘smooth”’
surface by integrating the signal for a long time (100
sec) at each frequency step. We note the presence of
a background of the order of 20 photons/sec for all
three exposures. The background level for rougher
surfaces is considerably higher than is observed here.
The low background in our experiments is significant
for two reasons. First, the small signals we have ob-
served could not have been observed in the presence
of high background. Second, the correlation
between high background and surface roughness has
been observed in many laboratories.%% This then is
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FIG. 2. Raman spectra of pyridine molecules on a smooth
Ag(100) surface for three exposures, and in the gaseous and
llqund phases. The incident laser power is 100 mW at 5145
A, and the spectrometer slit width is 5.5 cm™! (FWHM).

The dots are the data points obtained after a three-point
digital-averaging process, and the solid curves are guides to
the eye. Note the intensity scale is counts per 100 sec.

another measure of the smoothness of the surface
used in these experiments. The peak intensity at
1004 cm™! is about 2 photons/sec above background.
The area on the silver surface sampled in taking
these spectra was 8.1 x 1073 7 Each spectrometer
step was 2 cm™', and the slit width was 5.5 cm™! [full
width at half maximum (FWHM)].

In order to compare the Raman cross section of the
adsorbed pyridine molecules with that of the free-gas
molecules, we used the following procedure. After
all the measurements on the silver surface were
completed, the entire vacuum system plus the sample
were allowed to come up to room temperature (295
K). Then an ampoule containing liquid pyridine was
opened to the system, filling the UHV chamber with
the saturated vapor (16.0 torr) of pyridine in equili-
brium with liquid at room temperature. All optical
elements were kept rigidly in place during this pro-
cess, so that no change in optical alignment occurred.
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Then the silver sample was rotated out of the in-
cident laser beam, and the Raman spectrum of gase-
ous pyridine at 16.0 torr was measured (see the gas-
phase spectrum in Fig. 2). In this experiment the
scattering volume in the gas was estimated to be

4.5 x10™* cm? from the focal depth of the collection
optics and the geometry of measurement.?

Now we compare the cross section per molecule of
pyridine for adsorbed species on silver (100) and free
gaseous species. Here we must assume that the
1004-cm™! line of the adsorbed species corresponds
to the same vibrational mode that appears at 991
cm™! for the gaseous and liquid species. of pyridine.
From Fig. 1 we see that the 10-L exposure corresponds
to a 1.53 monolayer coverage. If we follow Rowe
et al.® and adopt the density of 3 x 10'* molecules/
cm? for monolayer coverage, the surface density for a
10-L exposure is 4.6 x 10'* molecules/cm?. Since the
scattering area on the sample is 8.1 x 1073 cm?, the
total number of molecules participating in the ob-
served scattering process is 3.7 X 10'2 molecules. The
integrated number of scattered photons under the
1004-cm™! peak is 1098 photons/ (100 sec) (100 mW)
after subtracting the background. Thus the number
of observed scattered photons per molecule is
3.0 x 107'° photons/ (100 sec) (100 mW) (molecule).
For the gaseous phase the corresponding number is
6.8 x 10~"? photons/ (100 sec) (100 mW) (molecule)
based on the estimated scattering volume of
4.7 x 107 cm® and assuming the ideal gas law for py-
ridine. Thus we conclude that the enhancement fac-
tor for the adsorbed species is 4.4 X 102 over the
gaseous species. On the basis of this enhancement
factor, the ‘‘apparent absolute cross section’’ of the
pyridine molecules adsorbed on a smooth silver (100)
surface is approximately 2.8 x 10~2" cm?/srcm™!
molecule.

In order to check our cross-section calibration us-
ing the scattering intensity from the saturated vapor,
we also compared the scattering intensity ratio
between the gaseous and liquid pyridine at room tem-
perature. The intensity ratio between these two
states agrees with the density ratio within £20%, us-
ing a similar comparison method that was used be-
fore. Therefore, we conclude that our calibration of
relative intensity is good to about +20%.

The greatest source of possible error in this mea-
surement is the surface density of adsorbed
molecules. Following Rowe et al.,> we assumed the
molecular density for monolayer coverage to be
3.0 x 10! molecules/¢m?. This number depends on
the calibration of Auger intensity for carbon, and
may require a substantial correction.” The enhance-
ment factor we measured is inversely proportional to
the surface density of molecules; so the correction
can readily be made, when the precise value of sur-
face density of molecules is found.

While care was taken in preparing the Ag(100) sur-

face used in these experiments, defects certainly exist
on any real surface. Thus, we must rule out the situ-
ation in which all of the observed intensity arises
from molecules bound to defect sites which may (ow-
ing to the rough surface in the neighborhood of the
defect) exhibit enhancement factors of 10* or 10°.
This situation could lead to an average enhancement
of 440 while we are only sampling a very small frac-
tion of the pyridine molecules. This effect can be
ruled out by looking at the coverage dependence of
the scattering intensity. The fact that a 1-L exposure
(~20% of a monolayer coverage) does not lead to an
observable spectrum (Fig. 2) eliminates this possibili-
ty. The pyridine molecules should be more strongly
bound to defect sites on the crystal surface. Thus,
these sites will be filled preferentially, at low expo-
sure. If molecules at defects were contributing a sig-
nificant amount of the spectrum, we would expect
the 1-L spectrum to have an intensity similar to the
10-L spectrum. This is obviously not the case.

While the effects of short-range roughness can be
ruled out by looking at the coverage dependence of
the Raman signal, similar effects due to large-scale
roughness (which may not affect the sticking proba-
bility) cannot be ruled out. Thus, the enhancement
factor of 440 which we have measured must be taken
as an upper limit for that of a perfect atomically flat
plane of silver.

In comparing the Raman spectra for 10- and 100-L
exposures in Fig. 2, we note that the intensity of the
1004-cm™! peak remains approximately the same for
both exposures. If-we assume that the sticking coef-
ficient stays constant beyond a monolayer, ~100-L
exposure corresponds to about 10 monolayers. Thus
it appears that the layers above the first and second
monolayers do not contribute to the scattering at
1004 cm™'. Our interpretation of this observation is
that the peak at 1004 cm™! arises from pyridine
molecules in close contact with the silver surface
(probably chemisorbed). The molecules in the layers
separated from the silver surface by more than one
or two monolayers vibrate at the frequency of the
free molecules at 991 cm™!. Thus the peak at 991
cm~! grows with increased coverage, but the 1004-
cm~! peak remains constant.

To conclude, we have determined the enhance-
ment factor for the Raman cross section of pyridine
molecules adsorbed on a smooth silver (100) surface
relative to its cross section in the free gaseous state.
The extremely low inelastic background of ~20
counts/sec which we observe is indicative of the high
quality of the surface used in these experiments.
Two aspects of this work require future improve-
ment: one is the precise determination of coverage in
terms of the number of molecules per unit area, and
the other is the quantitative determination of
smoothness. Both of these are very difficult prob-
lems.
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