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In recent years, the possibility of employing laser interaction with surfaces as a 
surface diagnostic tool has attracted a great deal of attention. Optical second harmonic 
generation (SHG) and sum-frequency "generation (SFG) have been proven to be most 
effective and versatile for surface and interfacial studies.' By symmetry, these processes 
are forbidden <c media with centrosymmerry. and can therefore be highly surface-
specific They have the advantages of being capable of high spatial, temporal, and spec­
tral resolutions, suitable for in-sttu. remote sensing of samples in hostile environment, 
and applicable to all interfaces accessible to light/lndeed. they have been applied with 
great success to a large variety of surface and ihterfacial problems1: probing adsorption 
and desorptioa of molecules from surfaces, measuring average molecular orientation of 
zdsorbates. monitoring surface symmetry and surface phase transitions, conducting sur­
face microscopy and spectroscopy, and many others. Here, we shall describe a few 
experiments recently carried out in our laboratory using these techniques. 

We first discuss the use of SHG to study surface diffusion.- This is a subject of 
great importance in modern surface science, as surface diffusion often plays a major role 
m limiting a surface reaction.-' Research in this area is. however, still rather limited 
because of the lack of convenient tools.4 Most exciting techniques are either applicable 
only to metal surfaces or vulnerable to perturbation during measurements. The SHG 
technique has a number of important advantages over the"common methods and pro­
vides many new opportunities, as we shall see. 

Our technique is based on the following designed steps. First, a monolayer grating 
of adsorbed molecules is created on the sample surface by laser desorptien using two-
beam interference.3 Second, diffraction of surface SHG by the monolayer grating is 
used to probe the grating,--0 Third, the smearing-up of the monolaver granne bysur-
face diffusion is monitored by the decay of the diffracted SH signal.- The results ana­
lyzed by the one-dimensional diffusion equation then yield the diffusion constant for the 
surface diffusion. 

Our demonstrating experiment used CO on Ni(lll) .- The sample was in an 
ultrahigh vacuum chamber with a base pressure of 0.9 x 10~ 1 0 torr. The Ni surface was 
initially dosed with a saturated CO coverage of l =« » s » 03. The optical arrangement 
for the'creation of a CO monolayer grating by laser desorption and the dstecriori~of the 
grating by SH dittraction is shown in"Fig. f. It involved a single-mode Q-switched 
NdiYAG laser at 1.06 jim. For the creation of a CO monolayer grating, the I.06-am 
beam was split into two and recombined at incident angles o = = 130 on the CO-
coveredNi surface over an area of 2-3 mm in diameter- Desorptior >f CO by the spa­
tially modulated beam intensity as a result of interference produced a monolayer grating 
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Fig. 1. Experimental arrangement for creation of a CO monolayer grating on 
Ni( 111) by the excitation beams and detection of the grating"by second 
harmonic diffraction of the probe beam. 

with a spacing 2a = 1/2 sin* =.20y m. The grating profile was determined by the energy 
distribution in the two beams.-3 This can be predicted if the CO desorption versus the 
laser pulse energy impinging on the surface is known. In our experiment, the latter rela­
tion was obtained by using SHG to probe quantitatively the remains of CO on the surface 
(calibrated against thermal desorption spectroscopy) after laser desorption with different 
energies.' The monolayer grating could be probed by diffraction of surface SHG 0' 0 

(Fig. 1). For this, we used the frequency-doubled beam at 0.53 /im for the laser. It was 
incident on the sample at 71.4* and covered the entire desorprion area. The nth-order 
diffraction of SHG with n = 1-4 appeared at at = 222*, 4.24*, 6.10*, and 7.84*. 
respectively, off the specularly reflected direction. With the surface coverage given by 

«(x) = » 0 + Z 2»ncos(nM/a) 
n » l 

(1) 

it is easily seen that the nth-order SH diffraction signal S„ is directly proportional to 
» fp or more rigorously, 

Sn^r'nljsdxoy (?) 
where Ip is the probe beam intensity and x -y is the surface plane. Therefore, 
knowing 9 n from laser desorpuon. Sj, can be calculated and.direcdy compared with 
experiment. For our experiment, this is presented in Fig. 2.D The good agreement bet­
ween measured and calculated results show dearly that we not only can have quantitative 
control over the creation of a monolayer grating by laser desorption but also can quanti­
tatively characterize the monolayer grating using SHG. 

For our surface diffusion studies.- a CO monolayer grating was first created on 
Ni(lll) at a sufficiently low temperature ( < 200K). The sample temperature was then 
raised to initiate surface diffusion of CO across the grating. This one-dimensional diffu­
sion is expected to follow the Pick's law 

311st" (d/dxKDd«/ax). (3) 
If the diffusion constant D is assumed to be independent of 3. then the solution of Eq. 
(3) yields 

»nW = «„(0)exp(-n^Dt/a^). 

We then have 

(4) 
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Fig. 2. Measured (unshaded) and calculated (shaded) amplitudes of various 
orders of second harmonic diffraction from a monolayer grating of CO on 
Ni(Ill). 
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Fig. .3. Normalized first-order diffracted second harmonic signal from CO mono­
layer gratings on Ni(lll) as functions of time at various sample tempera­
tures. Solid circles: T = 219K; open triangles: T = 247K: solid squares: T 
= 261K; open cirdes: T = 273K. The sofid curves are least square fits 
using single exponential functions. 
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V t ) = Sn(0>Hp(-2n2*2Dt/a2). (5) 
Thus, from the measured S„(t) and the known value of a, we can obtain D. In our 
experiment, we monitored the first-order SH diffraction signal Si (t). The results are 
shown in Fig. 3 for four different sample temperatures 219,247,261, and 273K. The dif­
fusion constants deduced from the data are plotted against the temperature in Fig. 4. 
They fan be fit by the Arrhenhis expression D(T) = D0exp{- E,jf£plcT),withDg~= 1.2 
x 1&5 cm-Vsec and Edjf£ = 6.9 KCal/mole. In thepresent case, the adsorbed CO mole­
cules occupy the bridge sites. The above value of Ejiff, together with the adsorption 
energies of CO at bridge and top sites, suggests that the pathway of CO diffusion bet­
ween bridge sites on Ni(lll) is via hopping over a top site. 

The present technique measures macroscopic diffusion of adsorbed molecules on a 
surface. It has a few very attractive features. The analysis of the experimental results is 
simple. Anisotropy of surface diffusion can be readily measured by orienting the grating 
in different directions. A large dynamic range of kinetic parameters can be studied by ~ 
properly adjusting the grating spacing. Finally, the technique is applicable to a large var­
iety of surfaces and interfaces, including those of semiconductors and insulators. 
Moreover, it can be appliej to studies of surface diffusion of energy, momentum or other 
types of excitations. 

We now discuss the use of SFG for surface spectroscopy. It is clear that with a 
tunable laser, SHG can serve as a surface spectroscopic tool since resonant enhance­
ment of SHG is expected when u or 2u coincides with a transition frequency. This has 
been demonstrated in a number of cases."-" As an example, we show in Fig. 5 the SH 
spectrum of a retinal monolayer on water." The 335-nm peak is due to a resonant one-
photon transition; in membrane?, it is shifted to the green and is responsible for the 
green sensitivity of the eye. The 360-nm peak arises from a two-photon resonance, 
which has uever been observed in linear absorption measurements. 

The SHG surface spectroscopy is, however, limited to probing electronic transi­
tions in the visible because the available photodetectors in the infrared generally are not 
sensitive enoueh to detect a surface monolayer. Thus, infrared-visible SFG which is an 
extension of SHG, must be used in order to'probe surface vibrational or electronic tran­
sitions in the infrared.1'' In the process, a tunable infrared laser at u j excites the reso­
nant transition and a visible laser beam at ̂ 3 up-converts the signal to a sum-frequency 
output at a 1 + ^2 in the visible. The technique has been employed to obtain, for 
example, vibrational spectra of CH stretch modes of molecular monolayers adsorbed at 
various interfaces.11 Here, we show one example of how it can be used to probe inter­
action between coadsorbed molecules.1-

The experiment was on detecting possible interaction between cvano-biphenvl 
liquid crystal molecules (8CB) and surfactant molecules CH3(CH2)x7(MehN+(CH->h 
Si(OMe>3Ct~ (DMOAP) coadsorbed on glass. An optical parametric amplifier pumpeu 
by a picosecond N'diYAG laser provided the tunable infrared beam while frequency-" 
doubling of the laser provided the visible beam. The observed spectra of a full mono­
layer of 8CB on clean glass and a monolayer of 8CB adsorbed on DMOAP-coated glass 
are depicted in Fig. 6. There is a definite shift in xhe positions of the C-H peaks in the 
two spectra. For the 8CB monolayer on clean glass, the C-H stretching frequencies are 
nearly the same as those of the gas phase, whereas for the 8CB monolayer on 
DMOAP-coated glass, they appear close to those of the condensed phase. The red shift 
of the peaks fromone to the other is a clear indication of existing interaction between 
DMOAP and 8CB. 

SFG surface spectroscopy has great potential for many exciting research opportu­
nities. Infrared vibrational or electronic transitions of buried interfaces or bare surfaces 
can now be studied. With time-resolved SFG using picosecond or femtosecond laser 
pulses, surface reactions can be probed in-sim with-the possibility of identifying 
intermediate species. Selective surface dynamics can also be investigated. Fof example, 
it is possible to study surface diffusion of selected molecules in the presence of other 
molecular species oh die surface. 
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Fig. 4. The Arrhenius plot (open circles) of the diffusion constant obtained from 
the results of Fig. 3. The solid line is a least squaie fit to the data. 
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Fig. 5. Second harmonic spectrum of an all-trans retinal monolayer at an 
air/water interface. 
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Fig. 6. Sum-frequency vibrational spectrum of an 8CB monolayer on clean glass 
(solid curve) is compared with that of an 8CB monolayer deposited on 
DMOAP-coated glass (dashed curve). 
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