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Spectroscopic properties for molecuies in
the vicinity of metal surfaces are usuaily de-
termined by the energy transfer mecha-
nisms between the admolecules and the sub-
strate, which can involve various collective
excitations of substrate electrons such as
surface plasmons and excitons. A brief
review of this subject, including such phe-
nomena as fluorescence and photoabsorp-
tion line shapes, is presented. The review
includes recent work by the authors, with
emphasis on the effects of surface corruga-
tions. Exampies that illustrate possible
applications of such studies in the areas of
surface photochemistry and heterogeneous

catalysis are also discussed.

ince the work of Purcell (1), which

dates back to the 1940s, it has been

known that the spectroscopy of a gase-
ous system can be dramatically influenced by
its environment. In particular, molecular spec-
troscopy for systems located in the vicinity
of a surface has received considerable at-
tention during the past 20 years. Photoabsorp-
tion cross sections, line shapes, and fluores-
cent characteristics such as line broadenings
and level shifts in the presence of a substrate
surface are typically the spectroscopically ob-
servable quantities of most interest. Motiva-
tions for such intensive studies are varied.
From a purely academic perspective, it is of
interest to understand the various interactions
between the adsorbates and the substrate sur-
face, which presents a complicated problem
because it is a many-body system that does
not possess bulk symmetries. From a practi-
cal perspective, it is expected that such
studies will lead to applications in areas rang-
ing from surface photochemistry to charac-
terization of material structures and proper-
ties of the substrate surface. In the area of
surface photochemistry, for example, if one
assumes that the properties of the substrate
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Figure 1. Experimental setup for study-
ing molecular fluorescence at a surface.

surface are well understood (through other
analyses such as low-energy electron diffrac-
tion), one can then study the photoabsorption
cross section of admolecules to find useful in-
formation in regard to the ultimate goal of
laser-assisted heterogeneous catalysis (2). Con-
versely, if the spectroscopic properties of ad-
molecules are well understood, one can then
use that knowliedge to probe the electronic
(and lattice) structure and properties of the sub-
strate surface.

In this article, we will discuss spectroscopic
properties of molecules at corrugated metal
surfaces. The role of surface roughness has
been recognized to be prominent in various
surface processes since the discovery of the
surface-enhanced Raman effect in 1974 (3).
Because there is already a comprehensive re-
view on surface spectroscopy covering work
before 1984 (4), we will review progress
made in just the past several years, with em-
phasis on our own work. We will pay par-
ticular attention to the fluorescence of the ad-
molecules, which has already been discussed
extensively in relation to perfectly flat sur-
faces (5.6). We will also review briefly some
phenomena concerning photoabsorption and
line shape. Finally, we will mention some
possible applications in photochemistry at
surfaces. :
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Figure 2. Sampies of standard raw data
for fluorescence at a surface for various
molecule-surface distances. The data
are taken from the phosphorescence
study of triplet pyrazine on silver sur-
face and are reproduced as in Figure 1
of reference 15. (Reprinted with permis-
sion of the authors and the Journal of
Chemical Physics.)

FLUORESCENCE

This kind of study is usually carried out us-
ing a “'sandwich-type” experimental setup, as
shown in Figure 1. A layer of fluorescent mole-
cules is separated from the substrate surface
by a spacer that controls the molecule-
surface distance (d). An incident pulse laser
of a width shorter than the lifetimes of the
admolecules excites the molecules, and the
deexcitation emission intensities are analyzed
by various time-resolved techniques (standard
raw data are reproduced in Figure 2). For a
fixed fluorescence/phosphorescence emis-
sion frequency (w), the decay rate (vy) for the
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admolecules can then be studied as a func-
tion of d; or likewise, one can fix d and study
7 as a function of w, which will be more in-
volved in the excitation process in the experi-
ment. At distances very close to the surface
where v is very large, phosphorescent mole-
cules will be preferred; otherwise, one would
require a laser pulse of extremely narrow
width and very fine time-resolved equipment.
The simplest theoretical description for this
kind of experiment is the classical phe-
nomenological (CP) approach in which the ad-
molecule is modeled as a point dipole satis-
fying the equation of motion for a damped
harmonic oscillator driven by the surface field
(E,). This approach leads to the level shift and
the induced decay rate of the following form:
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where wg, and vy are the free-molecule level
spacing and line width respectively, a is an
electromagnetic coupling constant, and the dy-
adic function G (= E/p) is defined as the
surface field acted on the molecule per unit
dipole moment (). Because yy << wgingen-
eral, it is not difficult to see why Aw is given
less attention than the surface effect on+y. The
remaining task is then to calculate the func-
tion G.

There are two common ways of calculat-
ing E_ within the CP approach. The more ex-
act treatment involves solving for the exact
electrodynamics of the dipole-surface system
(where E, is given by the reflected field at
the dipole site); this is known as the energy
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Figure 3. Example showing the success of the CPS theory for a double-mirror sys-
tem, as reproduced from Figure 6 of reference 6. (Reprinted with permission of the
authors and the Journal of Chemical Physics.)

E

transfer theory (ET) because the resuit for the
total rate vy is separated clearly in terms of the
contribution from the radiative and nonra-
diative transfer. In another, cruder calcula-
tion method, one considers the “static limit”
of the probiem and replaces the effects from
the surface by the image dipole, whereby E,
is simply given by the image field. For flat
surfaces, this image theory (IT) simply leads
to the “inverse cube rule” for the variation of
< versus d, and the oscillation behavior at far
distances is well explained by the exact, en-
ergy transfer theory established by Chance,
Prock, and Silbey (CPS)(5,6) through the ap-
plication of Sommerfeld’s theory concerning
a radiating antenna above the surface of the
earth (7,8). This CPS theory successfully ex-
plains the experimental data of Drexhage and
co-workers (9) as illustrated by the example
depicted in Figure 3 where the fluorescence
of the Eu*3 complex has been studied using
fatty acids as the spacer.

For rough surfaces, however, only the im-
age theory approach has been taken to study
the fluorescence problem because of the mathe-
matical complications of the dynamics of the
problem (10). It has been widely believed that
aslongasd <<\, where \ is the emission wave-
length (e.g., d ~ 102 A in the region for the
most pronounced surface morphological ef-
fects and A ~ 103 A for fluorescence in the
visible range), the image theory should be ac-
curate enough to describe the phenomenon
(10). In a recent analysis (11), however, it
was found that the condition d < < X is not suf-
ficient and that the image theory can break
down appreciably for a highly conducting sub-
strate such as a noble metal. The physical rea-
son behind this problem is that the dynamic
Helmholtz wave equation in a metal does not
reduce to the static Poisson equation in the
long-wavelength limit if the conductivity of
the metal becomes very large. We conciude,

therefore. that it is always desirable to rely
on ET for any dipole-surface problem. for
both flat and rough surfaces.

The motivation for studying decay rates at
rough surfaces comes from some recent ex-
periments. Figure 3 illustrates how well the
CPS theory fits the experiment in the large
distance region. However, this simple ap-
proach is expected to fail for very close dis-
tances because the surface cannot be regarded
as an abruptly discontinuous boundary be-
cause of the quantum spreads of the surface
electrons. Nevertheless. it has been estab-
lished that as long as d = 10 A such micro-
scopic effects can be ignored and the CP
approach should be valid (12). But discrepan-
cies were observed between the CPS theory
and the data in a recent experiment carried
out by Harris and co-workers (13) in which
the phosphorescence of biacetyl (>nm*) was
studied above a silver surface using liquid am-
monia as the spacer for distances in the range
between 20 and 100 A. The theory was found
to lie either above or below the best fit to the
data. Harris and colleagues tried to explain
the discrepancies by resorting to a surface-
damping model proposed by Persson and
Lang (14) based on the electron-hole pair ex-
citation mechanism. Although that is a plau-
sible explanation, we would like to consider
other aiternative possibilities such as the ef-
fect of surface roughness at such close dis-
tances. As a matter of fact, researchers at Bell
Laboratories had earlier carried out a simi-
lar experiment involving triplet pyrazine on
silver with liquid argon as a spacer, where
discrepancies between the CPS theory and the
data were observed with the data lying above
the theory (15). Although these researchers
blamed the inaccuracy on the dielectric con-
stants they used to compute results based on
the CPS theory, we suspect that roughness
may have again played a role in their experi-
ment. In fact, in an even earlier experiment,
the same researchers had reported observing,
with the help of a scanning electron micro-
scope, an almost periodic structure caused by
polishing the surface finish of the underlying
sapphire (16). All of these results led us re-
cently to carry out theoretical studies on the
effects of surface roughness on admo-
lecular decay rates.

For cases in which the roughness is shal-
low, we have established a dynamic theory
(ET) for the admolecular decay rate, adopt-
ing a perturbative approach (17). Essentially,
we have solved the Sommerfeld problem
(7.8) for a “rough earth.” In particular, we
have considered the simplest kind of surface
morphology, namely, a shallow sinusoidal grat-
ing, where we have combined the CPS the-
ory (5,6) with the theory published by
Maradudin and Mills (18) for light-scattering
phenomena, which applies the Green’s func-
tion technique. Figure 4 reproduces some of
ourresults. We plotted the ratio R = yR/yF ver-
sus d with yR being the induced decay rate for
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Figure 4. Ratio (‘R ) of the decayrate for
a silver grating surface to that for a flat
surface as a function of the molecule-
surface distance for various emission fre-
quencies (w) and grating wave number
(Q.Curve a: v = 2 x 10*em-',Q =
008 A-%; curve b: w = 2 x 104 ¢m-1,
Q = 0.0t A-Y; curve c: v = 3 x 10¢
em-,Q = 0.0t A-1;and curve d: w =
3 x 104 em=-1, Q = 0.08 A-". The grat-
ing amplitude {, is fixed at 0.7 A.

the case of a silver grating surface and yF be-
ing the flat surface value from the CPS the-
ory. The curves a, b, c, and d correspond to
different emission frequencies and different
grating parameters. We made the following
three observations:

® As one goes farther from the surface, the
effect of the surface roughness disappears
(‘R—1), as expected.

¢ The CP approach breaks down explicitly at
very close distances [note that the curve 4
(d) dips below zero], so our numerical re-
sults are trustworthy only for d beyond.
say, approximately 10 A.

o Most importantly, roughness can enhance
or diminish the flat surface value depend-
ing on the various parameters, a finding
that is in qualitative agreement with the ear-
lier experimental observations.

In cases of large roughness, it becomes im-
practical to carry perturbation theory to higher
orders. Here one can introduce the so-called
“island-surface™ model as depicted in Figure
5. Instead of looking at the actual profile of
the surface, we model it as a collection of is-
lands, or bumps, of unlimited sizes. The sim-
plest kind of bump is a sphere. The decay rate
problem of a dipole near a collection of
spheres has been worked out by Liver,
Nitzan, and Freed using the image theory ap-
proach, and the problem for an isolated

Figure 5. The “Island-surface model” for
the molecular fluorescence problem at
a surface with large corrugations.

sphere (19) — or a single island — has been
worked out using the dynamic ET approach
(20-22). We are currently in the process of
constructing an ET approach for a realistic is-
land surface by generalizing our previous
work to include the effects of neighboring
spheres. Until this is done, we believe that
a tully dynamic description of the decay prob-
lem for very rough surfaces is still unavail-
able for comparison with experimental results.

So far, we have been focusing on the mole-
cule-surface distance (d) behavior of the in-
duced decay rates for molecules at a rough
surface. We have also looked into the decay
rate spectrum as a function of the emission
frequency at a fixed d. We have observed,
in addition to the ordinary surface-plasmon
(SP) peak, an extra resonance structure in-
duced by the presence of roughness that is mor-
phology-dependent. This extra peak is pre-
dicted oniy from the ET approach — not
from the image theory. Figure 6 compares the
two theories at a very close distance (50 A)
for a silver grating surface (23), where the
image theory is expected to be very accu-
rate. We observe that for cases in which the
grating wave number (Q) is close to the emis-
sion wave numbers (k), such as in curves b
and c, ET predicts a resonance at an emis-
sion frequency with k ~ Q. The position of
this new peak moves as Q varies, and this
peak grows with the increasing amplitude of
the grating. One can imagine that this mor-
phology-dependent peak may move and grow
to overshadow the ordinary SP peak, so that
in actual experiments one observes a kind of
peak shift in the spectrum. Previously, there
has been a controversy as to whether surface
roughness causes peak shifts in the energy-
loss spectrum obtained from an electron scat-
tering experiment with a Mo surface (24,25).

Our results obtained for the decay-rate spec-
trum shed some light on that issue. This mor-
phology-induced resonance peak should be a
very general phenomenon and should show
up for any kind of rough surface. Recently,
we have repeated such a decay-rate spectrum
study for a spherical surface in an attempt to
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Figure 6. Decay-rate spectrum for a mole-
cule located at d = 50 A above a silver
grating surface of varying roughness pa-
rameters ({,,Q). Curve a: [, = 1 A, Q
=1x 10"2A-" curveb: {, = 1A,Q
=1 x 1073 A-%; curve ¢: [, = 10 A,
Q = 1.25 x 10-3 A-1, The solid line rep-
resents results from ET and the dotted
line represents resuits from the image
theory.
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Figure 7. Decay-rate spectrum for a mole-

cule located at d = 700 A from the cen-
ter of a siiver sphere of radius a2 = 500
A according to ET. The solid, dotted,
and dashed curves denote the total, ra-
diative, and nonradiative rates, respec-
tively.

understand the physical origin of this new
peak (26). Figure 7 shows one of our calcu-
lations in which we split the total decay rate
into radiative and nonradiative components,
respectively. It is obvious that the roughness-
induced peak has its origin in the radiative
transfer from the molecule in the presence of
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the surface. The same origin should be respon-
sible for the peak that appears for the grat-
ing surface. Moreover, nothing happens in the
case of a flat surface because the surface plas-
mon modes can couple to radiative modes
only in the presence of surface roughness.

To conclude our discussion on fluo-
rescence phenomena. let us consider a cor-
rugated thin film. another substrate system of
great interest. When there are two rough sur-
faces that can each support an SP mode. an
interesting phenomenon known as “‘cross cou-
pling” can occur if the two SPs are excited
resonantly at the same time. This phe-
nomenon in turn can lead to dramatic effects
such as SP-induced transparency in a metal
film (27,28). which can have technological
applications in device designs because one can
then “‘plate” a dielectric substance (e.g., a poly-
mer) so that it becomes an electrical con-
ductor without becoming opaque. Although
it has been controversial as to whether such
a cross-coupling phenomenon has indeed been
observed in various light-scattering ex-
periments (29.30), a group at the University
of Rochester recently claimed an unambigu-
ous observation of this phenomenon through
molecular fluorescence studies on a thin-
grating silver film (31). We are currently
trying to generalize our previous theory for
a single grating surface (17) to include such
a system in order to better understand the
experiment.

PHOTOABSORPTION LINE SHAPE

Investigations into the photoabsorption rates
and spectral line shapes can also yield use-
ful information concerning admolecules and
the substrate surface. Experimentally, one
would illuminate the adlayer by a CW laser
and analyze the absorption spectrum instead
of using a laser pulse to excite the admole-
cules. This subject has been reviewed else-
where (32), and here we will give it only a
brief sketch. The two main concerns are the
enhancement rate (r) in the photoabsorption/
dissociation process, which is defined as the
ratio between the absorption cross sections
with and without the presence of the surface,
and the distortions in the line shape I(w) of
the spectrum because of surface effects. There
is extensive literature on this subject cover-
ing such molecuiar spectra as vibrational (33),
rovibrational (34), and electronic (35,36) spec-
tra for both physisorbed (33~ 36) and chemi-
sorbed (37,38) molecules. Furthermore, dif-
ferent kinds of surface morphologies have
been considered, ranging from the shallow grat-
ing model to a sphere-modeled “island sur-
face” (35,36). Because of the surface damp-
ing effect discussed above, which will now
compete with the surface-enhanced fieid, one
can introduce the concepts of a critical mole-
cule-surface distance (below which r < 1) and
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Figure 8. Distortion of the Fano profile
lo(w) that simulates certain molecular pre-
dissociation processes at a silver grat-
ing surface. The y-axis is in arbitrary
units.

a critical optical distance (at which r is maxi-
mum) to describe the photoabsorption/
dissociation phenomenon (36). In addition, by
looking at the distortions of I(w), one can
learn about the response of the substrate sur-
face to a particular molecular process. For ex-
ample, the double-peak feature and the sharp-
edge window that appear in the distortions of
a free molecular absorption (Lorentzian) pro-
file in the presence of a spherical or shallow-
grating surface signify the effects of the sur-
face plasmon on the photoabsorption process
(35,36). Langreth (39) noted that even for a
flat surface the original (free) molecular line
shape cannot remain Lorentzian and is dis-
torted towards a Fano-type profile if electron-
hole pairs are created in the substrate because
of energy transfer from the excited admole-
cule. Moreover, most previous studies have
assumed that the free-molecule profile I(w)
is symmetric (often Lorentzian) and, there-
fore, that asymmetric distortions are brought
about by the presence of the surface.

Recently, we have initiated a phenomeno-
logical study of the case in which I5(w) is al-
ready asymmetric in nature (40). Some pre-
liminary results for a profile in the presence
of a shallow-grating surface have been ob-
tained, where I5(w) has been taken in the
form of a Fano profile, in which the double-
peak feature again appears with the broaden-
ing of the original profile window at the steep
edge near the low-frequency end. The crea-
tion of a new window at the high-frequency
end because of the surface-plasmon resonance
is also observed, as shown in Figure 8. This
study should shed some light on processes
such as autoionization and predissociation for
molecular systems in the vicinity of a surface.
We hope that more rigorous studies will be
carried out in the future.

CONCLUSIONS

We have discussed various issues concerning
molecular spectroscopy at corrugated metal
surfaces. paying particular attention to our
own work during the past two years. We be-
lieve that the most interesting issue that still
awaits experimental resolution is whether
roughness always enhances the flat-surface val-
ues for the induced decay rate or, as we have
shown, both enhancement and diminution can
occur. This issue may have practical rele-
vance in laser-assisted heterogeneous cataly-
sis where one wants to maximize the photoab-
sorption rate of the reagents through the
enhanced surface fields so that the molecules
can be dissociated efficiently to undergo vari-
ous reactions. It is well known that the sur-
face-induced line broadening effect will tend
to suppress the absorption rate, thus lower-
ing the photochemical yield. According to our
findings, however, one can make use of the
surface roughness to suppress such line
broadenings by carefully controlling the fac-
tors involved in the process. Hence, an ex-
perimental clarification of this issue is of
prime importance. Another interesting feature
we have found that still awaits experimental
verification is the roughness-induced peak in
the decay-rate spectrum, although similar ef-
fects may have already been observed in elec-
tron scattering experiments (24). Finally, we
want to emphasize that fluorescence and other
spectroscopic studies for admolecular systems
can lead to a deeper understanding of the sub-
strate surface and of possible surface-
induced chemical processes that can take
place in the vicinity of the surface.
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