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The excited states of chemisorbed pyridine on Ag(111) have been determined with use of
electron-energy-loss spectroscopy. In addition to weakly perturbed molecular states we
observe new excitations above -1.4 eV, which we identify as metal-molecule charge-
transfer excitations. These new electronic states provide an explanation for several
features observed in surface-enhanced Raman scattering.

PACS numbers: 73.20.Hb

Here we report the first measurements of the
excited electronic states of a surface-enhanced
Raman system, pyridine chemisorbed on Ag(ill),
using electron-energy-loss spectroscopy. We ob-
serve weakly perturbed states for chemisorbed
pyridine as well as a new -1-eV broad onset ex-
citation feature starting above -1.4 eV. The lat-
ter represents a new excitation of the metal-
molecule system which we assign to charge-trans-
fer excitations between the molecule and metal
surface. Information regarding the changes in
molecular excitations" as well as the possible
occurrence of new electronic states for chemi-
sorbed molecules' has been lacking and is need-
ed to clarify and understand the origins of the
ehemieally derived, localized components of sur-
face-enhanced Baman scattering. "Our results
demonstrate the occurrence of new electronic
states which (a) will enhance the effective polar-
izability of chemisorbed pyridine, (b) can permit
resonance Raman scattering, and (c) explain sev-
eral features observed in surface-enhanced Ra-

man scattering. We note that low-lying exeitations
(1.5-2.0 eV) for pyridine on Ag electrodes" and
small particles in solution' have been observed by
use of optical methods and have been proposed to
arise from several different physical origins. ' '

These measurements were performed in a UHV
system (base pressure &1x10 "Torr) equipped
with a hemispherical-deflector-based electron
monochromator and energy analyzer described
elsewhere. '0 This spectrometer has a fixed scat-
tering angle of 90' and collects a mell-defined
(-0.2-mm-diam) collimated electron beam (& 1')
reflected from the sample. This sample which is
cooled to 140 K can be rotated to observe both
specular (8;,=8,„,) and off-specular (8;„48,„,)
scattering events in the plane of incidence. Beam
energies up to 20 eV were used and our resolution
was degraded to -20 meV (full width at half maxi-
mum of the specular beam) in order to more
clearly observe the generally broad, low-intensity
electronic excitations. Vibrational loss spec-
troscopy performed with this analyzer as well as
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uv-photoemission, low-energy electron-diff rac-
tion, and Auger studies done in an auxiliary sys-
tem, were used to verify surface perfection and
cleanliness as well as to characterize the adsorp-
tion of pyridine on Ag(ill) as reported elsewhere. "
Pyridine dosing was done via the ambient and
an ion gauge correction factor of 5.8 was applied
to all pressure readings. ' Finally, we point out

that our high-resolution, angle-resolved loss
measurements at low energies reveal consider-
ably more features than generally achieved (see,
for example, Netzer, Bertel, and Matthew" ).

Figure 1 shows the electron-energy-loss spec-
tra for clean Ag(111) and after exposure to 1 L
(1 L =10 ' Torr sec) of pyridine. This corre-
sponds to specular scattering conditions with an
electron beam energy of 17 eV. For clean Ag(111)
we observe plasmon losses at 3.9 and 8 eV." Up-
on pyridine exposure the 3.9-eV plasmon peak
shifts slightly to lower energies and new adsor-
bate-derived levels occur. In addition, a weak
and broad feature is observed to start near -1.4
eV. These same features are observed for inci-
dent beam energies between 4 and 20 eV. How-

ever, in going to smaller incident energies the
relative cross sections of the lowest-lying excita-
tions increase and a level at -4 eV is clearly re-
solved above the tail of the surface-plasmon peak
(see inset to Fig. 1). This as well a,s the higher-
lying adsorbate-derived features corresponds
well to the optical excitations" and electron-ener-
gy loss spectra" for gaseous pyridine as will be
presented later.

The low-energy feature starting at -1.4 eV is
also observed more readily at lower beam ener-

gies and is shown in Fig. 2 for a 3.5-4-eV inci-
dent beam energy. Several checks were made to
verify that this feature was real and not an arti-
fact of our spectrometer. In particular, consecu-
tive spectra of clean and adsorbed pyridine were
run for a variety of beam energies and beam
focusing conditions. Under similar conditions
this excitation was observed for chemisorbed
pyrazine but not for chemisorbed benzene. " In
the case of chemisorbed pyrazine, the condensa-
tion of subsequent condensed layers (not possible
for pyridine) attenuated this feature. "

In Table I we identify and summarize the ener-
gy-loss peaks for gas-phase electron impact
scattering from pyridine, obtained for identical
scattering conditions and beam energies, "as
well as the energy-loss peaks observed here for
the inclined-phase of chemisorbed pyridine
()0.6 L) shown in Fig. 1 and the flat-lying phase
observed at lower coverages ((0.4 L)." In our
data a few peaks overlap and must be deconvolved.
For these peaks we have assumed a symmetric
peak shape for this deconvolution and indicate
their energies by a tilde. The precise energy for
the X'A, —'B, + 'A, excitation is also uncertain
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FIG. 1. Specular scattering electron-energy-loss
spectra for clean Ag(111) and with chemisorbed pyridine
on Ag(111) at T -140 K (offset).
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FIG. 2. Electron-energy-loss spectra for a 3.9 eV
electron beam energy for chemisorbed pyridine on.

A,g(ill) at & -140 K. Both specular and off~pecular
(~;„=55', ~()~ =35') spectra are shown {offset) as well
as a spectra for the clean surface. The dashed lines
represent the smooth background expected from the
clean surface.
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TABLE I. Excitation energies and level widths (in parentheses) of gas-
eous and chemisorbed pyridine (in eV).

Transition Gaseous pyridine
Chemisorbed pyridine
Flat Incl i.ned

XAi
ig

2

i~ i~ +i~
2 i

Aglpyridine CT

4.15(-o.5s)
4.gs(o.55)
6.4(o.5&)
v.~5(o.45)

{0 ~ ~ )
4.g5(o.v5)

-6.4(-O.85)
v.3(j..o)

gb( O 8)b

~4 $(~ Q 6)
-4.g5(o.6)

6.25 ( 0.85)
v.25(x.z)

g (~o 6)b

Ref. 14.
See text for an explanation of these values.

because of a change in its shape. The level widths
at half maximum (after accounting for instrumen-
tal broadening) are also shown in parentheses.

The onset shape of the broad, low-energy fea-
ture is suggestive of excitations to or from some
continuous set of states. Further support for this
arises from considering the one-electron energy
levels for pyridine" and the density of states for
Ag." Using the vacuum levels to align these elec-
tronic levels and including the saturation work
function of chemisorbed pyridine on Ag, we find
that the highest-lying occupied and:lowest-lying
unoccupied continuum states of silver (i.e., EF)
occur nearly midway between the highest-lying
occupied and the lowest virtua1 orbital of pyri-
dine. We thereby estimate that the smallest ener-
gies for charge-transfer (CT) excitations will be
roughly half the lowest singlet-molecule excita-
tion of 5 eV (Refs. 13 and 14), or -2.5 eV.

In Table I, we have indicated the excitation en-
ergy and half width for the Ag/pyridine CT excita-
tion assuming that a metal-to-molecule CT exci-
tation dominates our spectra. Here we have de-
convoluted the observed shape from a step-func-
tion initial state and find a final state having a
peak shape similar to the X'A, -'B, transition.
This gives a peak position of 1.9 eV for the CT
state in reasonable agreement with the aforemen-
tioned estimated value. Although this deconvolu-
tion is not unique due to the uncertainties in the
actual CT states involved, a sharpening of the CT
state for the inclined phase of pyridine is clearly
observed.

Our observation of low-lying CT exeitations is
directly relevant to surface-enhanced Raman scat-
tering (SERS) since these excitations will intro-
duce new contributions to the polarizability tensor
and can also lead to resonance Raman scattering.
An enhanced polarizability for chemisorbed pyri-
dine will occur as CT excitations will result in

the modulation of the surface charge density in a
fashion analogous to that proposed by Kirtley,
Jha, and Tsang. " Their model requires low ad-
sorbate-metal barrier heights which phenomeno-
logically may reflect the presence of low-lying
metal-molecule CT states. Since CT states will
occur at the laser frequency, resonance Raman
scattering can also occur whose magnitude will
be determined by the level widths as well as the
oscillator strengths and dipole matrix elements
of these CT states. Clearly, quantitative calcula-
tions are needed to determine the magnitude of
these additional matrix elements and their contri-
butions to the Raman signal. Within a resonant
Raman picture the narrower breadth of the CT ex-
citation for inclined pyridine than for flat-lying
pyridine would also explain the larger HERS sig-
nal observed when chemisorbed pyridine becomes
inclined to the surface. " Our inability to obtain
SERS for chemisorbed benzene on Ag(ill) (Ref.
19) can also be related to its broader electronic
levels and our inability to observe a similar CT
excitation. "

We finally note that the occurrence of CT exci-
tations involving the metallic states near EF and
nearby states of pyridine and/or resonance Raman
scattering is consistent with the selective enhance-
ment of the symmetric ring-breathing mode ob-
served on Ag(111).' Selective mode enhancements
have also been observed in SERB from evaporated
films, electrochemical cells,"and tunnel junc-
tions." For resonance Raman scattering of free
molecules the symmetry of the intermediate state
permits coupling to certain molecular modes~
and from electron impact studies of pyridine it is
known that the lowest resonance excitation couples
to the symmetric ring-breathing mode. '~ We fur-
ther find from our self-consistent field, unre-
stricted Hartree-Fock molecular-orbital calcula-
tions" that the molecular vibrations modulate
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primarily the lowest-lying virtual orbitals (2a,
and Sb,) and the highest-lying occupied orbitals
(1a2 and 2b, ) with the symmetric ring-breathing
mode yielding the largest modulation (approxi-
mately 3 times greater than the asymmetric ring-
breathing mode). Such vibronic modulation of
these levels can induce modulations in the surface
charge density via the ground state or CT states
Since these strongly modulated levels are the
molecular levels which we expect to be involved
in the CT excitation, these excitations can strong-
ly enhance the molecular polarizability. This CT
state also provides a basis for the two-step mode
proposed by Burstein. '

In summary, we have measured the excited
electronic states of pyridine chemisorbed on
Ag(111) and find weakly perturbed molecular
states as well as evidence for charge-transfer ex-
citations between metallic states near EF and the
lowest-lying unoccupied or highest-lying occupied
molecular states. These new metal-molecule
states will permit mode-selective resonance Ra-
man scattering on the flat surface and will con-
tribute to the short-range component of the SERS
enhancement mechanism.

We gratefully acknowledge useful discussions
with Ph. Avouris, E. Burstein, S. S. Jha, J. R.
Kirtley, and J. C. Tsang, and are indebted to
R. P. Van Duyne for preprints of his work prior
to publication. This work was supported in part
by the U. S. Office of Naval Research and the
Cornell University Materials Science Center.

E. Burstein, C. Y. Chen, and S. Lundquist, in I'ro-
ceedings of the Joint U. S. —U. S.S.R. SymPosium on the
Theory of light Scattering in Condensed Matter, edited

by H. Z. Cummins and J. L. Birman (Plenum, New

York, 1979), p. 479.
S. E. Efrirna and H. Metiu, Surf. Sci. 92, 417 (1980).
F. R. Aussenegg and M. E. Lippitsch, Chem. Phys.

Lett. 59, 214 (1978).
E. Burstein, Y. J. Chen, C. Y. Chen, S. Lundquist,

and E. Tosatti, Solid State Commun. 24, 567 (1979).
For a recent review, see T. E. Furtak and J. Reyes,

Surf. Sci. 76, 201 (1980).
P. N. Sanda, J. M. Warlaumont, J. E. Demuth, J. C.

Tsang, K. Christmann, and J. A. Bradley, Phys. Rev.
Lett. 45, 1519 (1980).

A. Girlando, J. G. Gordon, III, D. Heitmann, M. R.
Philpott, H. Seki, and J. D. Swalen, Surf. Sci. 101, 417
(1980).

B. Pettinger, U. Wenning, and D. M. Kolb, Her.
Bunsenges. Phys. Chem. 82, 1326 (1978).

J. A. Creighton, C. G. Blatchford, »d M. G. Al-
brecht, J. Chem. Soc., Faraday Trans. II 75, 790

979).
J. E. Demuth, K. Christmann, and P. N. Sanda,

Chem. Phys. Lett. 76, 201 {1980).
"F.P. Netzer, E. Bertel, and J. A. D. Matthew, Surf.

Sci. 92, 43 (1980).
A. Otto and E. Petri, Solid State Commun. 20, 923

(1976).
K. K. Innes, J. P. Byrne, and I. G. Ross, J. Mol.

Spectrosc. 22, 125 (1967).
J. P. Doering and J. H. Moore, Jr., J. Chem. Phys.

56, 2176 (1972).
J. E. Demuth and Ph. Avouris, Phys. Rev. Lett. 47,

61 (1981) (in this issue).
W. von Niessen, G. H. F. Dierckson, and L. S. Ceder-

baum, Chem. Phys. 10, 345 {1975).
~V. L. Moruzzi, J. F. Janak, and A. R. Williams,

Calculafed Electronic Properties of Metals (Pergamon,
New York, 1978), p. 149.

J. R. Kirtley, S. S. Jha, and J. C. Tsang, Solid State
Commun. 35, 509 (1980).

J. E. Demuth, P. N. Sanda, J. C. Tsang, and J. M.
Warlaumont, in Proceedings of the Second International
Conference on Surface Vibrations, Namur, Belgium,
September 1980 (North-Holland, Amsterdam, to be
published) .

I. Pockrand and A. Otto, Solid State Commun. 35,
861 (1980).

C. S. Allen, G. C. Schatz, and R. P. Van Duyne,
Chem. Phys. Lett. 76, 201 (1980).

J. C. Tsang, J. R. Kirtley, and S. S. Jha, in Pro-
ceedings of the Second International Conference on Sur-
face Vibrations, Namur, Belgium, September 1980
(North-Holland, Amsterdam, to be published) .
23L. Ziegler and A. C. Albrecht, J. Chem. Phys. 67,

2753 (1977).
I. Nenner and G. J. Schulz, J. Chem. Phys. 62, 1947

(1975).
~For these calculations the Gaussian-76 program was

used with a 4-31 G basis for the equilibrium pyridine
geometry discussed by L. M. Sverdlov, Vibrational
SPectra of Polyatornic Molecules (Wiley, New York,
1974), p. 520, and the normal vibrations determined
recently with a refined general valence force field by
J. T. Hammond, G. C. Schatz, D. M. Friedrich, and
R. P. Van Duyne, to be published. We have examined
the changes in the molecular orbitals for the &~, &~2,

v6~, v6~, and v2g modes.

60


