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. Abstract

Surface nonlinear optlics can be used for study of interfaces. It 1s found that nonlinear
optical effects can be greatly enhanced on a rough noble metal surface because of the large
local-field enhancement due to local plasmon resonances and the lightning rod effect. Second
harmonic generation is sensitive enough to detect adsorbed molecular monolayers on surraces,
and can be used to study the molecular adsorption and desorption process at a solld-liquid
interface. Monolayer spectroscopy by nonlinear optical techniques 1is also possible. The po-
larization dependence of the nonlinear output can yleld valuable information about the mole-
cular orientation on a surface.

In recent years, our interest 1in nonlinear optics has been extended from the bulk to the
surface. While surface nonlinear optics 1is interesting in its own right,! it is the great
potential applications of surface nonlinear optics to surface study that makes this subftield
very exclting. With the anticipation that it may soon become an attractive new area of re-
search, we present here a few examples to 1llustrate how surface nonlinear optics can be used
to study interfaces. We conslder first the surface-enhancement problem. YWe show that be-
cause of the local-field enhancement, nonlinear optical effects on a rough noble metal sur-
face can be enhanced by several orders of magnitude over those on a smooth -surface.? We then
discuss the problem of monolayer detection at a silver electrode in an electrolytic solution
by second harmonic generation. In the presence of surface enhancement, this turns out to be
a rather trivial task.? Finally, we consider the problem of nonlinear spectrosocopic study
of adsorbed monolayers on smooth surfaces. We demonstrate the possibility by the detectlon
of second harmonic generation from dye adsorbates on a fused quartz plate."®

Surface-enhanced optical effects have recently become a hot topic in condensed matter
physics. The problem was initiated when 1t was discovered that the Raman scattering inten-
sity from the adsorbed molecules on a rough silver surface is ~ 10°® times larger than that
from the same molecules in liquid.® Two types of mechanisms have been proposed to explaln
the observed enhancement. One is the local-fleld enhancement. The small bumps or aggrerates
of the slze of ~ 500 A on the rough metal surface can have local plasmon resonances in the
optical range. These resonances strongly enhance the optical flelds on these local struc-
tures. In additlon, the local flelds can be further enhanced on the polinting structures by
the liphtning rod effect., On rough silver surfaces, a local-field enhancement®of > 20 is not
unrreasonable. The other mechanism for surface enhancement comes from the molecule-metal in-
teractlion. Experiments have shown that the vibrational frequencles of the adsorbates are not
very different from those of the molecules in liquid. We therefore helleve that the second
mechanism 1s not as 1mportant as the first.

To prove that the local-field enhancement 1s indeed the dominant mechanism for surface en-
hancement, our ldea 1s qulite simple. We reallize that Raman scattering is a two-photon pro-
cess, and therefore i1s a nonlinear optical process. If the local-field enhancement exists,
the Raman intensity should be strongly enhanced because of 1ts nonlinear dependence on the
fields. Then, for the same reason, other nonlinear optical effects should also be greatly
enhanced. We can use the following equations for a mgre expliclt dlscussion.

Let the local fleld at r on the surface be Ejpe(w,r) = L(w,r)E(w). For simplicity, we
shall not treat’ the fleld as a vectorial quantity here. It is well known in nonlinear optics
that with the local-fleld correction, the effective n-th order nonlinear optical susceptibll-
ity should become’

ker@ = L@ ™ = g 4 e b w L)) - L) (1)

The Raman cross-section o is known to be proportional to Im x(’)(ws = wg - wy + wg). There-
fore, the local-fleld enhancement should be L?(wy)L?(wg). The observed enhancement should be
an average over the 1lluminated surface, and 1s glven by

1 2 2
ng = & [ 12ey, )L (u,,F)dh. (2)
The nonlinear dependence on L in the above equation suggests that the integral 1s dominated
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by reglilons where the integrand 1s near the maximum. Let [ be the fractional area where
L (wg)Lz(“s) 1s close to the maximum. Then, we have
. 2 2
g = (L (ug)L (ws)]maxf. (3)

A similar local-ficld enhancement 1s expected for other nonlinear optical Qsoc sses.
Thus, for second harmonlice generation, the output I(2w) 1s proportional to ]x( (2 +
w)]?, and therefore, the enhancement should be

1 [ 4, =2, -
gy = F j.L (w,r)L° (2w,F)dA

ACSIRIEE W 0

Since w and 2w are very different, we expect that if L(w) is maximum, then L(2w) 1is probably
close to 1, We therefore write

[H]

ngy = (L1 1. (6)

Simllarly, the enhancement factors for sum-frequency generation, third harmonic generatlon,
multiphoton-excited luminescence, etc. can also be derived. Assuming L(w) = L(wg) = L(wy) =

20 and f = 0.05 on rough silver, we find ng ~ 10* and ngy ~ 10“. Such an enhancement should
of course, be easlly observable. We note that in the presence of the molecule-metal inter-
action, the total enhancement factor can be appreciably larger. In surface Raman scatter-
ing, for example, an additional enhancement factor of ~ 100 can result from the molecule-me-
tal interaction.

We have actually observed strong surface enhancement for a number of nonlinear processes.
Here, we use only second harmonic generation (SHG) for illustration.? It should be noted
that experiments of SHG are usually rather simple. In our case, the Nd:YAG laser beam was
directed onto an electrochemically roughened silver surface, and then the diffused SH signal
from the surface was collected and recorded by the detection system. To ensure that the
signal was indeed second-harmonic, the spectrum of the output was analyzed, and the quadra-
tic dependence of the output on the 1nput laser power was confirmed, as shown in Fig. 1.

The signal was then compared with that from a smooth silver surface. As seen from Pig. 1,
the observed enhancement was 1 * 10%, which implies a local-field enhancement factor L(w) ~
20 1f £ ~ 0.05. The interesting point of this experiment is that no adsorbed molecules are
required for SHG, Lecause the bare silver surface already provides a detectable SH signal.
Thus, the molecule-metal interaction does not come into the plcture, and the observed sur-
face enhancement 1s purely due to the local-fleld enhancement.

Study of molecular adsorbates at an Iinterface 1s, nevertheless, Important in surface
studies. We then usk if nonlinear optical techniques can be used to detect a surface mono-
layer. In the past, we have demonstrated that surface coherent antiStokes Raman scattering
has the sensitivity to detect a submonolayer of molecules.® Heritage et al.? have succeeded
in detecting a molecular monolayer by the stimulated Raman gain technique. Both techniques
are, however, quite complicated in the experimental setups. It would be most attractive if
a second-order process can be used to detect monolayers because of the relative experimental
simplicity. It turns out that not only a second-order nonlinear optlical effect from a mono-
layer should be observable, but 1t also has the additional advantage of being surface-speci-
fic. [Lecause the surface monolayer lacks inversion symmetry, its contribution to SHG 1s
vlectric-dipole allowed. On the other hand, SHG in a bulk medium with inversion symmetry 1is
possible only through electric-quadrupole and magnetic-dipole contributions. Therefore, the
surface monolayer contributes to SHG as much as several hundred layers of atoms or molecules
in-the bulk within the coherent length. This makes SHG particularly sensitive to changes at
the interface. That SHG from a monolayer should be observable can be seen explicitly from
the following numerical estimate.

Without taking into account any local-filed correction, the second harmonic signal from a
monolayer is given by!'®

5 = 128n3m

; |NA°(2)|2

IiAT photons/pulse (6)
he
where U, 1s the surface density of molecules, a(Z) is the second-order polarizability, I, 1is
the laser beam intensity, A 1s the surface area of illumination, and T is the laser pulse-
width, all in esu. Substitutlon of My ~ 4 x 10**/em?, o(?) ~ 10-%*% esu, I, ~ 1 MW/cm? at
1.06 ym, A ~ 0.2 cm?, and T ~ 10 nsec ?corresponding to a pump uplse of 2 mJ/pulse) into the
above equation, yilelds a signal 8 ~ 1.5 x 10° photons/pulse. This is certalnly large ¢nough
to be detected., Wlth local-fleld cuhancement at Lhe surtace, the slpnal cun Le even much
larger. Surface alignment of the molecules also helps in lncreasing the effective value of
a(?), and hence the signal.

Because of the large surface enhancement and hence the relative ease of detecting the ad-
sorbed monolayers by SHG, we declded to try out the monolayer detection experiment on a
roughencd silver electrode 1in an electrolytic cell undergoing an electrolytic cycling. With
0.1 M KC? in wuter as the electrolytic solution, Ag is oxidized into AgCl during the oxida-
tion half cycle, and AgCf 1is reduced to Ag and C% during the reduction half cycle. By mon-
itoring the SH slgnal from the Ag electrode, we hoped to observe the formation and removal
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of the first few monolayers of AgCf on Ag. Indeed, as shown in Fig. 2, the SH signal in-
creased sharply at the beginning of the oxidation cycle. From the amount of charge transfer
we estlmated that the sharp rise of the signal corresponded to the formation of an average
of 3 or 4 monolayers of AgCf on Ag. The SH signal also decreased sharply at the end of the
reduction cycle, corresponding to the removal of the last 3 or U monolayers of AgCl on Ag.
Thus, the result In flp. 2 clearly demonstrates the sensitivity of SHG for detecting ad-
sorbed monolayers on the Ag electrode.

The monolayer detection capability of SHG 1is more clearly demonstrated in the following
experiment. If at the end of an electroltyic cycle, 0.05 M pyridine is added into the elec-
trolytlic solutlon, and the bias potentlial on the Ag electrode with respect to a standard
calomel electrode Vpa,_gop 1s decreased to a sufficiently negative value, it is known that a
monolayer of pyridiné should then appear on the Ag electrode. In our experiment, corres-
ponding to the appearance of the pyridine monolayer, the SH signal incrvased by ~ 50 times
from the background. [or a Q-switched Nd:YAG laser input of 0.2 mJ/pulse over a surface
area of 0.2 em?, the observed SH signal from the adsorbed pyridine monolaver was 8 x 10°
photons/pulse. This indicates that SHG should have the sensitivity of detecting even a sub-
monolayer of adsorted pyridine, Assuming a surface local-field enhancement of 10", we can
deduce an effective value of al?) for the adsorbed pyridine molecules from Eq. (6). We find
al?) = 2 x 10~%° esu. This value m?y be larger by an order of magnitude than what one would
expect.'! Such an enhancement in at?) could result from the molecule-metal interaction.

The dependence of the SH signal from the pyridine adsorbates on the blas voltage VA#-SCE is
shown in I'ig. 3. It shows that pyridine adsorption on Ag occurs only 1f Va,_gcg < - 0.6v.
The data in Filg. 3 also indicate that the SH signal does not come from the %c—?ield-induced
SHG in the bulk around the interface.

Although SHG 1s sensitive enough to detect adsorbed monolayers, 1t clearly lacks the
spectral selectivity. Then, will it still be useful for the study of molecular adsorption
and desorption at an interface? The answer i3 yes, and we will illustrate 1t here with two
examples. Tirst, because of its capabllity to detect a submonolayer of pyridine, SHG can be
used to measure the adsorption isotherm of pyridine at the Ag-electrode interface.'? This
1s shown in Flg. 4, where the surface density of pyridine N 1s plotted as a function of the
pyridine concentration p in the electrolytic solution. MNote that !l should be proportional
to /P{2w) - A, where P(2w) 1s the total SH output, and A 1s the background signal from Ag
without pyridine. The data in Fig. 4 can be fit by a simple Langmuir adsorption isotherm
equation

= p

Na® B+ 0 (N ) max (0
The coefflcient K 1s related to the adsorption free energy AG by K = 55 exp(- AG/RT). The
theoretical fit to the data yields a value of AG = 5.1 KCal/mole. Another example shows the
sensitivity of SHG to molecule-metal interaction for a certain type of adsorbed molecule.!?
Pyridine with a molecule structure <_2N and pyrazine with N >N are quite similar, but one
has no inversion symmetry and the other has., Consequently, al?) = 0 for free pyridine and
a(?) = 0 for free pyrazine. However, if the pyrazine molecules are adsorbed on a surface,
t?e9 the inversion symmetry of pyrazine ls broken by the molecule-substrate interaction, and
al?) pecomes finite, the value of which increases with the molecule-substrate interaction.
By adding pyrazine instead of pyridine into the electrolytic solutlon at the end of an elec-
trolytic cycle, we actually observed a SH signal from the adsorbed pyrazine on Ag when the
blas voltage VAg-SCE was sufficiently negative, as shown in Fig. 5. The maximum signal,
which presumably corresponds to a monolayer of adsorbed pyrazine, is only ~ 4 times smaller
than that from adsorbed pyridine. This means that a ?) for adsorbed p¥razine on Ag is only
2 times less than a(?) for adsorbed pyridine. The larger value of a(2) for the adsorbed
molecules must result from the molecule-silver interaction.

Study of molecular adsorption on an electrode in an electrolytic cell 1s Interesting
and important In electrochemistry. Unfortunately, difficulty in characterizing a rough me-
tal surface makes the problem very difficult to analyze. The problem that 1s most interest-
ing Iin surfacec sclence nowadays 1s on spectrosco?x of adsorbates on smooth surfaces. Vari-
ous methods have been invented for thils purpose. One can use, for example, electron loss
spectroscopy to study adsorbed molecules. It has tremendous sensitivity, but the resolution
is limited to ~ 10-2? eV, 1If optical spectroscoplc methods can be used, one could have a re-
solution better than 10-% eV. We therefore ask whether 1t is possible to do nonlinear opti-
cal spectroscopy on molecules adsorbed on a smooth surface. Since there 1s no surface lo-
cal-field enhancement on a smooth surface, the nonlinear optical signal 1is weak. Yet, ac-
cording to our earller estimate following Eq. (6), SHG from a smooth monolayer should still
be observable, and therfore, we believe that monolayer spectroscopy by a second-order non-
linear process 1s possible. (Monolayer spectroscopy by the stimulated Raman gain technique
has already been demonstrated by Heritage et al.?) )

We have recently tried out SH spectroscopy on dye adsorbates on a smooth fused quartz
plate.® Dye molecules were deposited on the substrate with a surtace density of ~ 5 x 10'?
molecules/cm?. A dye laser pumped by a doubled Nd:YAG laser was directed onto the surface
with a 45° angle of incldence. 1Its frequency was tuned so that the SH frequency would scan
over the Sy +~ S; electronic transition of the molecules (see Fig. 6). The resonant spectrum
of SHG was then recorded. Two different dye molecules, Rhodamine 6G and Rhodamine 110, were
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used in the experiment. The results are shown in Fig. 7. The resonant peak corresponding
to the Sy » S; transition 1s very pronounced. The peak shift resulting from the difference
in the structures of the two dye molecules is clearly resolved. Thils preliminary success on
the dye molecules points to the possibllity of extending the SH spectroscopy to the sum-fre-
aquency spectroscopy. With w, tunable in the Infrared and w, fixed in the visible, it is
then possible to carry out vibrational spectroscopy on adsorbed molecules. If successful,
the hipgh-resolution and tlme-resolved capability of the nonlinear optical technique could
have revolutionary effects on the future of surface science research.

Aside from the cpectroscopic information, SHG from the adsorbates can also yleld infor-
mation about the molecular orientation on the surface through its polarization dependence.
In the present case of dye molecules, we found that the SH output was p-polarized for a la-
ser l1nput elther s- or p-polarized. This implies that the molecular arrangement should have
refleccion symmetry about the X-Z and y-2Z planes, where we denote the surfrface plane to be

-y plane. The the only nQnvanlshing elements of the surface susceptibility tensor
?j are Sy{i}, ? 2 and Sy}t Z; We also found that the output remained unchanged when
the sample was rocated about the z-axis. This immediately suggests that the molecular ar-
rangement 1is 1lsotroplc in the surface plane.

From the microscoplc point of view, the dye molecule has a reflection symmetry about a
vertical plane symmetrically dividing the molecule. It 1s known that the <Sg| arid <S,|
states are even with respect to reflection about this symmetry plane, while <S;| is odd.
Therefore, with x' y', and z' defined in F1 , we see that the nonvanishing matrix ele-
ments are <S°|x'|u,> <S,|x'|S,>, and <S,]z' ?Sz> If <S,| is the dominant intermediate
state in the two-photon transition from <§u| to <S,|, then the only nonvanishing component
of the second-order polarizablility is az v @ <Sg|z'[S3><S,|x"|S,><S, |x'|Se>. From
a&‘ 21x', Af the molecular orientation on the surface 1s known, we can calculate Sx{ .. Ex=
perimentally, the ratio of the SH signals with p-polarized excitation and with s-polarized
excitatlon can be measured. This ratio 1s given by

ISX(Z) s (2)|
= 222 Xzxx
r I (8)

2|xzjj

The measured ratio was ~ 2, which cannot be explained by either the X' or the 2' axis of the
molecules lying in the surface plane, but is consistent with y' lying 1in the surface plane.
This result leads to the conclusion that the dye molecules do not lie flat on the surface,
but are standing up with the molecular plane perpendicular to the surface plane.

In summary, we have shown that nonlinear optical effects can be greatly enhanced on a
rough noble metal surface because of the large local-fleld enhancement. The surface en-
hancement makes the detectlion of adsorbed molecular monolayers by SHG very simple. In gen-
eral, SHG can be used to study molecular adsorption and desorption at a solid-liquid inter-
face, in particular, at the electrode-electrolyte interface 1n an electrolytic cell. Mono-
layer spectroscopy using nonlinear optical techniques 1is also found to be possible, and may
baecome aun important tool for surface science study.
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