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and co-workers on second-harmonic reflection from a
with the understanding of surface nonlinear optics,
the stud. of surface properties, in particalar, for tn. ¢
adsorptinn and overlavers on surfaces. There already ex®
nigues for studies of this nature, such as photoemissicn, L
frared, and Raren spectroscopny [2], tut laser aptical techr.iueec :re intrin-
sically cotter in spectral resolution.

A few recent developments in surfice ncniinear optics In relatl-on to
face study are cf interest. Ve have “ound that surface coherent
Raman scattering with picosecond pul-:os ¢an havse the cencitivity
ing submonolayers of molecules on surfaces [3). Then, HERITAGE 7o
LEVINE et al. [5] have demonstrated tre nossibility of

tra of very thin films and molecular ~onglayers o
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£’ 3 effect has its grigin in the n
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mons n the rouch metal structures. , in cenev te Yocal
field Sioclet = L{LIELL), with € ny the incomin. Coedand L
the local-“ield _orrection factor. n the surface of a cneraid, 1f
the diameter of the sphercid is much lecs than the wa.elergin . - "=/ | it

is easily sho.n that [9]
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rounding dielectric medium, respectively. At the surface plasmon resonance,
Re[€n(w) + 2€(w)] = 0, and Lpax(w) = Im[€n(w) + 2€(w)]~! is resonantly en-
hanced. This is possible for metals because Re(Em) is negative below the
bulk plasmon resonance. HMore generally, the local field on a particular
surface area of a small metal aggregate of a certain shaoe can be written

as L{w) = 1/f(€), and the surface plasmon resonance is excited when

Re[f(€)] = 0.

A nonlinear optical process is usually governed by the nonlinear polari-
zation [10]

P(n)(w) = X(n)(w = w] + - - -+ mn)E] - - - En (2)

with X(n) = L{w)l{wy) - - - L(mn)No(n), where a(n) and X(n) are the nth-or-
der polarizability and susceptibility, respectively, and N is the density
of atoms or molecules. W ?ote that if L{w), L{w;)s ..., L{wp) are all re-
sonantly enhanced, then x\M) and the corresponding nonlinear optical effect
would be greatly magnified. In the case of Ra m?n scattering, the effective
Raman cross-section ogeff is proportional to r {ug = wp - wg + wsg). There-
fore, we have

_ 2 2

Ceff =L (wl)L (LUS)O . (3)
If L{wg) = L{wg) = 20, which is a conservative estimate on silver, one finds
zef¢ = 1.6 x 10° . On top of this local-field enhancement, the Raman cross-
section ¢« can, of course, be further enhanced through the interaction of the
molecules with the metal.

£q.{2) suggests that other nonlinear optical processes should also exper-
ience such a local-field enhancement. In particular, second-harmonic gener-
ation is proportiona] to !x(2)(2.)]2 and there ore has a local-field enhance-
ment factor " (2») L*(.)L2(2.). Similarly, third-harmonic generation

(SN

has «ipgc(3e) = w)L*{3w), and coherent anti-Stokes Raman scattering has

5 .(.a = L {w ) )L (wy) If we assume, appropriate for rough silver,
0T ) = o) 2t 20 and L(2u) < L(3u) = 1, we Find nyoc(2a) -
1.6 « ]O ”'oc{3w§ = 6.4 107, and n;gcwa) = 2.6 » 101%. These are huge

prnancement factors, suvggescing that even if only a monolayer of atoms or
wclecules centributes to tne nonlirear optical =7fects, trev cculd be abserv-
alle.

We have indeed observed surface-enhanced second-harmonic generation (SHG)
from a roughered siliver surface [7]. In this case, SHG from a metal surface
is believed to come from the first one or two surface layers of metal atoms.
The enhancement can be directly measured by comparing the signal with the
second-harmonic reflection from a smooth silver film. A QJ-switched MNd:YAG
'aser at 1.06 .m was used in the experiment to provide the pump beam. The
cample was roughened by an electrolytic oxidation-reduction process and then
rinsed in distilled water and dried by nitrogen. The second-harmonic (SH)
reflection from the rough surface was highly diff.se. Its intearated power
over the nearly isotropic angular distrivution was found to be ~ 1 - iy~
times larger than the collirmzted second-harmonic signal from the smooth sur-
face. The results are shown in Fig.]. That the <ignals were indeed from
SHG is confirmed by the quadratic dependence of the signals on the input la-
ser power, together with a measuremenrt of the spectrum. To find the actual
local-field enhancement, we realize that essentially all the enhanced SHG
came from the silver aggregates on the roughened surface. Electron micro-
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Fig.1 Power-law dependences of the
- nonlinear signal on silver. The upper
and lower solid curves show the quad-
ratic dependence of the diffuse SH sig-
nal from the rough bulk sample and of
the collimated SH signal from the
smooth film, respectively; the dashed
curve shows the cubic dependence of the
0 -; L é é # é é o diffuse anti-Stokes signal from the
INSUT ENERGY (mJ/Pulse) rough bulk sample
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graphs showed that the surface consists of ~ 500 A Ag aggregates separa‘ed
by 1500 — 3000 A. Ve therefore estimate that the aggregates occupied a
fraction of roughly 5% of the total surface. Then, if we assume that the
coherent dimension of surface second-harmonic generation is approximately
equal to the size of the aggregates, the actual local field enhancement of
SHG from the aggregates is ngo.(2w)  104/0.05 = 2 x 105, This may still be
an uynderestimate, since not a?$ aggregates give the maximum local-field en-
hancement. Since w is very different from 2w, L(.) and L{2:) cannot both bte
at surface plasmon resonances. For the maximum enhancement, we expect L.
to be appreciable, but L(2w) ~ 1. Then, from ». (2.) = LY(L)L<{2.), we in-
fer L{w) ~ 20, which seems reasonable . *0¢

‘e have used, in a separate exper ment [11], a pump beam at 0.53 and C.6¢
.m and “cund that the surface enhanc ment of SU6 was only ~ 10<. Tnic is
expected because L{.) is roughly pro; ortioral to Cmi-)iIn&n{L)] and e Li-

ter decreases as . approaches the bu < piasmon resgnance of the metal. ae
have also found that the surface enhcncement of sum-frequency generaticn w1:n
2y at 1.06 um and .- at 0.53 um is atiut three orders of magnitude smailer
than that of SHG with . at 1.06 .m, v rich can be understood from the reia:-cn
~poclen *wz)/nigel2e) = Li{ey ¢ L), J5(L). Surface-enhanced SHG from cope
per and gold has also been seen. The enhancement is at least one order o
magnitude weaker than that for silver and can be explained by the smaller (
resulting from the heightened values f Im€ for copper and gold [7].

Arong the surface-enhanced nonline r optical effects, BOYD and YU (11 dr
our laboratory have observed third-ha monic generation from a roughened vold
surface with a pump beam at 1.06 .m. for a 10 nsec pulse, with peak inten-
sity of 5 Md/cm? in an area of .2 cm?, a rough estimate suggests that the
third-harmonic signal from a smooth gold surface is about 3 orders of maani-
tude weaker than the second-harmonic signal in the absence of any surface
enhancement. With surface enhancement, it should be about 1 order of magni-
tude weaker, in general agreement with our measurements. We have also ob-
served surface-enhanced luminescence from roughened surfaces of silver, cop-



per, nd gold with one- and two-photon excitation. Luminescence with one-
photon excitation from a smooth silver surface was rather weak, and that
with two-photon excitation is not observable. We can consider luminescence
with n-photon excitation as an (n + 1)-photon process, but the surface en-
hancement factor in this case is more difficult to estimate because the ra-
diation efficiencies from smooth and rough surfaces may be very different.
Hyper-Raman scattering is another tk.ee-photon process. It is rather weak
and not easily observable even in bulk media. With surface enhancement,
however, it even becomes possible to observe hyper-Raman scattering from
molecules adsorbed on surfaces, as has recently been reported by CHANG for
S0, on silver powder [12]. The local-field enhancement factor in this case
is [ngoclHR = L*{wg)l?(ws) = 1.6 x 10, if L{wg) = 20 an. L{wg) = 1. Sur-
face-enhanced coherent anti-Stokes Raman scattering (CARS) is especially in-
teresting, since, as we mentioned earlier, the local-field enhancement fac-
tor is as high as 2.6 x 10!0 for L{w) = 20. In addition, interactions be-
tween the molecules and metal can further enhance the process. One would
then expect that it would be possible to observe surface-enhanced CARS from
molecules adsorbed on silver. Unfortunately, discrimination of the anti-
Stokes signal against elastic scattering of the pump beams from the rough
surface is difficult. Work to detect surface-enhanced CARS is presently
still in progress.

Since one can observe SHG from one or two layers of metal atoms on a me-
tal surface, one would expect that it is also possible to observe SHG from
a monolayer of adsorbed molecules. This is confirmed by a theoretical esti-
mate using the equation [8]

3
g - zssg @ |y
he

0(2)121§AT photons/pulse, (3)
where S is the SHG signal, Ny is the surface density of molecules, 0(2) is
the second-order polarizability, I, is the intensity of a p-polarized pump
beam incident at 45°, A is the beam cross-section, and T is the pulsewidth,
all in cgs units. 1f a(2) ~1 x 10723 esu, Ny ~ 4 x 101% em=2, 1y ~ 1 M¥/
cm? at 1.06 ym, A = 0.2 cm?, and T = 10 nsec, we find that S ~ 1.5 x 103
photons/pulse. TF s, even without surface enhancement, SHG from a monolayer
of adsorbed molecules with INjalZ)i 5 10715 esu should be detectable if the
pump beam does not induce surface damage.

a

Sy pregering @ monclayer of p-rnitrobenzeic acid ecdsorbed on an aluminum
oxice surface, we have obtained direct evidence for the detectability of a
moiecu.ar monolayer by SHG in the absence of any surface enhancement effects.
In this case, tne adsorbed monolayer produced~5 times as much second-harmon-
ic signal as the substrate alone. In another case of interest, we have stud-
ied SHG from a smooth Ag electrode in an electrolytic cell, which consisted
of 2 alass cell containina 0.1 KC1 in doubly distilled water. In addition
to the Ag electrode, a Pt working electrode and a saturatea calomel electrode
were submerged in the electrolytic cell, with a bias voltage aoplied between
the Pt and Ac electrodes. The effect of the double charge layer in the solu-
tipon at the Ag surface on SHG can be readily seen. The observed reflected
second-harmpnic signal as a functicn of the voltage drop between Ag and the
reference saturated calomel electrode (SCZ), VAg-SCE. appears in Fig.2. This
curve can be understood as the result of nterférence between the SHG from Ag
and the field-induced SHG from the double charge layer. In fact, the data
can be fit very well by an effective nonlinear susceptibility

(2) . (2) [ (2)
"eff T XAg' ¥ ¥pc ()
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with Xéé) - aEy + bEg, where Eg is the OC electric field in the doub]e,charge
Tayer and is assumed to be linear in Vag-sce [13]. We assume that xié) is
independent of vAg—SCE'
With surface enhancement, SHG from adsorbed molecules is even more easily
observable [8]. This can be shown by monitoring the diffuse SH from the Ag
electrode submerged in the electrolytic cell during an oxidation-reduction
cycle. The first one or two electrolytic cycles roughen the Ag surface and
presumably activate the adsorption sites. The SHG signal from the roughened
Ag electrode is then monitored during a subsequent cycle. A typical result
is shown in Fig.3. At the beginning of the oxidation cycle, the signal rises
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- Fig.3 Current and diffuse SH as a
€ Loc2V function of time during and after an
L = electrolytic cycle. The voltages
£ lov 00y 0¥ listed in the lower curve are Vag-scg.
s ° Tee(mrates. Pyridine (.05M) was added to the 0.111
5 o5 +008 Y KC1 solution following the completion
© of the electrolytic cycle
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sharply, indicating the formation of AgCl on the surface. The signal levels
off after an average of 3 or 4 monolayers of AgCi are formed, as judged from
the amount of charge transfer that occurred. This confirms the picture that
only the surface layers of molecules contribute to SHG. In the present case,
the field-induced SHG in the solution is presumably averaged out at the rough
surface, and the signal from AgCl in Fig.3 is rather insensitive to Vpg_scE-
At the end of the reduction cycle, the sianal drops suddenly as the 1ast 3 or
4 layers of AgCl are reduced. The rise in the signal near the end of the
cycle can probably be explained by the increase of surface roughness through

redeposition of silver.

A striking demonstration of the capability of SHG for detecting a monolay-
er of adsorbed molecules is provided by the case of pyridine adsorbed on the
silver electrode in an electrolytic solution. As shown in Fig.3, after the
reduction cycle i{s completed, if pyridine (0.05M) is added to the solution
and a bias corresponding to VAg-SCE = - 1.1 v is applied, the second-harmonic
signal increased by 25 — 50 times. This signal arises from the adsorption of

a monolayer of pyridine on the Ag surface, which is known to depend on
The SHG data in Fig.4 show that pyricdine begins to be adsorbed

Vag-sce 6]
~ - 0.6 v and reaches a monolayer at ~ - 0.9 v.
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oLo oo o o © ,__ . Fig.4 Diffuse SH signal versus
0 -0.5 -1.0 -5 Vag-sce following an electrolytic
V] (volts cyCle, with .05M pyridine and C.1M
ng-sce Voifs) KC1 dissolved in water

We can use SHG from adsorbed pyridine to obtain the adsorption isotherm,

j.e., the surface density of adsorbed pyridine molecules versus pyridine con-
We assi 7e that the second harmonic

Centration in the electrolytic solution.
= (A + BN;)?, where the BN, term is from ad-

signal can be expressed by P({2u)
sorbed pyridine, with Ny being the surface density of pyridine molecules, and

the A term coming from the Ag background. Fig.5 gives the measured (\P{2.) -
A} « N, versus the pyridine concentration , in the electrolyti: solution for
VAg-SCE = - 1.0 v. It happens that the result can be fit nicely with the
simple Langmuir equation [14]

ol

K+cNaS

L]

N =
a
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Fig.5 Equilibrium (/P{2w) - A) ver-
2 71 sus bulk pyridine concentration. The
- ) ) solid curve is a theoretical fit to
20 a0 60 80 the experimental data using the Lang-
Pyridine concentrotian (mM) muir model

where Nag is the saturated value of N, ana K {in mole/2) is related to the
adsorption free energy AG by

= 55 exp{- aG/RT)

From the theoretical fit, we find 4G = 5.1 kcal/mole for pyridine on silver
in 0.1M KC1 aqueous solution. From surface-enhanced Raman scattering, we
have deduced a very similar adsorption isotherm, differing anly in that the
initial slope of the curve is somewhat higher, with a corresponding 4G = 5.7
kcal/mole.

Other molecuies adsorbed on Ag, inciuding CN, cyanopyridines, pyrimidine,
and pyiazine, have also been studied. 1In all these cases, adsorption and
desorption of a molecular monolayer by control of the bias voltage can be
observed. The case of pyrazine is of special interest. While the pyridine

molecule Q::;N is not centrosymmetric, the pyrazine molecule NJZ” 2N does
have inversion symmetry. Th r fore, the former has a nonvan1sh1ng a 2) but
the latter has a vanishing a . If, however, the molecules are chem1ca11y
adsorbed on silver, then both will have nonvanishing a2} because the inter-
action between molecules and metal breaks the symretry. The SHG signal from
the adsorbed pvrazine versus V < is pwesented in Fig. 6 In comparison
with Fig.4, it is seen that thng—d;1, sicral “rov pyraz ne is only & -9
times smaTTer than that from pyridine. Tris means that 3\3: for h}raLine is
only ~ 2 times smalier than x -S for pyridine. This resuit confirms the fact

that pyrazine is chemically adsorbed on Ag with a strong metal-adscrbate in-
teraction, as previously suggested by the Raman measurements RERE

Detection of molecular monolayers by SHG unfortunately lacks spectral se-
Yectivity. The technique can, however, be extended with sum- and difference-
frequency generation. As ore or both frequencies approach resonances, the
signal is expected to be greatly enhanced. The resgnent enhancement feature
should then allow us to carry out spectroscopic studies of adsorbed molecules.
With pulsed lasers, transient spectroscopy of adsorbed molecules may also be-

come possible.
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