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Lifetime Broadening of Excited Pyrazine Adsorbed on Ag(111)
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High-resolution electron-energy-loss spectroscopy has been used to study the vibrational
broadening in the B2„(lt., vr ) excited state of pyrazine adsorbed on Ag(111). Strong lifetime
broadening of -100 mV for the first and 20 mV for the second pyrazine layers are de-
termined. These lifetimes are in reasonable agreement with those predicted by classical
theory.

PACS numbers: 73.20.Hb, 34.50.Ez, 79.20.Kz

We present the first high-resolution electron-
energy-loss study of the electronic excitations of
an adsorbed molecule which resolves excited-
state vibrational structure. In particular, we
have studied the loss spectra of pyrazine in mono-
layer and multiple layers on a Ag(111) surface.
From the broadening of the vibronic levels of the
'B,„(7t,w*) state of pyrazine as a function of sur-
face-layer thickness, we determine the reduction
of the excited-state lifetime associated with ener-
gy transfer to the metallic surface. The lifetime
of the molecules directly adsorbed on the metal
surface has thus been determined for the first
time. Our results surprisingly indicate lifetimes
comparable to those predicted by classical elec-
tromagnetic theory. ' Other recent studies have
either been unable to study this small-distance
regime' or have found anomalously long lifetimes. '
Thus, our results are important not only to test
present theories of energy transfer to surfaces, "
an important consideration in sputtering or pho-
toinduced surface reactions, but also for the ap-
plication of high-resolution or time-resolved ex-
cited-state laser spectroscopies to study ad-
sorbed molecules and surface reactions. We con-
clude that such methods will be of limited use to
study chemisorption or adsorbed species direct-
ly on metal surfaces due to the severe lifetime
broadening which occurs.

The measurements were performed in a UHV

system (typical operating pressures of & lx 10 "
Torr) equipped with a hemispherical-deflector-
based electron monochromator and energy ana-
lyzer described elsewhere. ' This spectrometer
has a fixed scattering angle of 90' and collects a
well-defined (- 0.2-mm-diam), collimated elec-
tron beam (& 1') reflected from the sample. Both
single sweep and multichannel analysis of the
pulse counted signal were performed. The sam-
ple, which was cooled to 140 K, could be rotated
to observe both specular (8,.„=8„,) and off-specu-
lar (8~v 8,„,) scattering events in the plane of in-

cidence. Beam energies up to 20 eV were used
with a resolution (full width at half maximum of
the specular beam) of between 10 and 30 meV.
Pyrazine dosing was done via the ambient. The
ion gauge readings reported here are uncorrect-
ed.

In Fig. 1 we show the electron-loss spectra as
a function of increasing pyrazine exposure in
langmuirs (1 L = 10 ' Torr s) to the clean Ag(111)
surface at T = 140 K. For clean Ag(ill) we ob-
serve a silver plasmon at 3.85 eV, ' which shifts
to lower energies upon adsorption. The features
at -4.8, 6.5, and 7.8 eV agree well with the ex-
citation maxima to the 'B,„, 'B~„, and B2„+ B~„
excited states of gaseous pyrazine, "respective-
ly. The new, low-energy-onset feature begin-
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FIG. l. Electronic-energy-loss spectra for clean
Ag(111) and as a function of pyrazine exposure. Specu-
lar scattering conditions are used with an elastic beam
full width at half maximum of 30 mV.
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ning at - 1.8 eV can be related to a metal-mole-
cule charge-transfer excitation. ' For these spec-
tra we note that the incident beam energy and
electron optics were adjusted such that the trans-
mission function decreased above -6 eV: This
suppressed both the bulk plasmon' at 8 eV and the
7.8-eV pyrazine loss relative to the lower-energy
peaks. For increasing exposures we observe the
decay of the charge-transfer (CT) excitation and
surface plasmon as well as the growth of the mo-
lecular excitations. The decay of the CT excita-
tion and the first appearance of vibrational fea-
tures on the 'B,„(4.8 eV) excitation for exposures
above -2.5 L signal the onset of physically ad-
sorbed (condensed) pyrazine atop of the first lay-
er of pyrazine. Given an estimated ion gauge
correction factor of -4, the first layer of py-
razine would have a sticking coefficient of - —„
which we assume for the adsorption of subsequent
layers as found also for pyridine. ' By 4.5 I ex-
posure, i.e. , -2 layers total, well-resolved vi-
brational structure is observed on both the 3.8-
f'B,„(n,m*)] and 4.8mV peaks. Upon warming to
-220 K to desorb any condensed layers, we re-
turn to the loss spectrum characteristic of the
first layer of pyrazine; i.e. , pryazine adsorbed
directly on the surface. Again this spectrum
shows none of the expected vibrational fine struc-
ture, a point we will discuss in detail.

In considering the development of vibronic
structure on the electronic excitations as a func-
tion of pyrazine spacing from the surface, we fo-
cus on the 4.8 eV ['B,„(~,w*)] excitation. In Fig.
2 we show detailed spectra of this transition for
submonolayer pyrazine coverage and for multi-
layer coverages (-2 and -4 layers), along with
the optical absorption spectrum of gaseous pyra-
zine. " For the submonolayer spectrum, we indi-
cate the result (solid line) of subtracting a back-
ground (dashed line) associated with the tail of
the surface plasmon.

The broadening of our observed spectra relative
to the optical spectra does not appear to arise
from differences in bond sites and structural in-
homogeneities as our vibrational-energy-loss
studies (at 10 mV resolution) indicate a flat-lying
molecule with the same vibrations up to a thick-
ness of four layers. Namely, we observe strong
losses from the b,„out-of-plane C-H and C-C
deformation modes" at 420 and 805 cm ' while
all the in-plane ir modes are strongly suppressed.
From the angular dependence of this spectra we
conclude that the observed vibrations (except the
C-H stretch) are excited through dipole scatter-
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FIG. 2. Electronic-energy-loss spectra for the B»
state of monolayer and subsequent adsorbed layers.
The optical absorption spectrum for gas-. phase pyrazine
(Bef. 11) is also shown. .

ing. Analysis of the relative intensities of these
in-plane and out-of-plane modes, as described
elsewhere, ' indicates that each of the four pyra-
zine layers studied lie Qat to within 1.5 ." We
thereby rule out inhomogeneous broadening as a
major effect. Clearly, our experiments on a sin-
gle-crystal surface will minimize such effects.

In order to evaluate the observed broadening,
we have applied Gaussian broadening to the op-
tical spectra to account for our instrumental res-
olution and then Lorentzian broadening to under-
stand the degree of lifetime broadening occurring
for different pyrazine layers. The four-layer
spectrum is nearly identical to what we expect if
we consider our instrumental broadening alone.
To match the submonolayer spectrum requires,
in addition to our instrumental broadening, 100
mV of lifetime broadening. This results in the
weak, broad, vibronic features on the submono-
layer spectrum, which would not be reproduced
for lifetime broadening above 140 mV. The two-
layer spectrum is well reproduced by the average
of the monolayer and a 15-mV lifetime broadened
spectra. We point out that the severely broader
features for the submonolayer spectrum are not
likely caused by additionally adsorbed pyrazine
in the second layer since our data-acquisition
times and system pressures would only account
for an extra -0.05 monolayer. We further note
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that the difference in widths of the Frank-Condon
envelopes of the 'B,„state between monolayer
and condensed pyrazine (200 mV) is not an accu-
rate measure but is only an approximate upper
limit to the lifetime broadening for the first lay-
er of pyrazine. Finally, we have to consider the
rotational bandwidth which is present in the gas-
phase optical spectrum but would not be present
for condensed pyrazine. This is not accurately
known: We estimate it to be ™10 mV and account
for it in our results. Such uncertainty limits our
determination of the lifetime broadening occur-
ring for the fourth and subsequent layers. Thus
the total vibronic broadening which we derive for
the first monolayer, directly adsorbed on the
metal, and for the second (condensed) layer of
pyrazine is 100-. 140 mV [(6.6-4.7)x 10 "s] and
20 rnV (3.3x 10 '4 s), respectively.

We can compare our determined lifetimes to
those predicted by a classical electromagnetic
theory, ' given our deduced adsorption geometry,
the oscillator strength (f= 0.1) of the 'B,„tstae, '~

as well as the optical constants of Ag (Ref. 15) at
4.8 eV. Given a 2.9-A distance for the first lay-
er of pyrazine from the first layer of Ag atoms, "
a 3.3-A interlayer spacing of condensed pyra-
zine, "and an image plane at 1.95 A from the cen-
ter of the first layer of Ag atoms, "classical the-
ory predicts 590 mV (1.1x 10 "s) and 5.5 mV
(1.2x 10 "s) broadening (lifetimes) for the first
and second layers, respectively. We expect this
classical theory to overestimate the metal-mol-
ecule coupling at small distances and predict
shorter lifetimes, as indicated by our results;
however, the shorter than predicted lifetime for
the second layer suggests the presence of addi-
tional quenching mechanisms such as electron-
hole-pair excitations. ~ Although our lifetimes
for the first two layers show departures from
those predicted by classical theory, there is sur-
prisingly good overall agreement which suggests
that this theory can be used to predict lifetimes
of adsorbed molecules on metal surfaces to with-
in a factor of 10. This is in contrast to a recent
study of the quenching of pyrazine phosphores-
cence on Ag (Ref. 3) which concluded that the life-
time remained almost constant below - 100 A
from the surface; in complete disagreement with
classical theory.

In summary, we have determined the lifetimes
of the 'B,„(w, s*) excited state of pyrazine ad-
sorbed as a monolayer and as a condensed sec-
ond layer on Ag(111). The lifetimes are compar-
able to those predicted by classical theory. Clear-

ly more information about energy-transfer proc-
esses in other metal/molecule systems is needed.
From our results, we expect similar broadening
for other allowed electronic excitations (f=0.1-
1) which will generally limit the usefulness of ex-
cited-state laser spectroscopies for probing the
vibronic structure of similar weakly adsorbed
species. Finally, we note that classical theory
predicts reduced broadening for optically forbid-
den (e.g. , spin-forbidden) excitations. Electron-
scattering studies of such excitations may permit
the observation of their vibronic structure and a
detailed understanding of the nature of some ex-
cited states of adsorbed species.

We gratefully acknowledge J. J. Wynne for care-
fully reading the manuscript. This work was sup-
ported in part by the U. S. Office of Naval Re-
search.
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