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Optical second-harmonic generation (SHG) is forbidden in..a medium with in .. 
version symmetry," but is allowed at a surface or interface. The process is 
sensitive enough to respond to a submonolayer of surface atoms ~r molecules 
[1,2]. It can therefore be used as a means to probe surfaces or interfaces· 
between two centrosymmetric media. The surface-specific nature of this purely 
optical method offers some unique advantages over the conventional surface 
probes. We have demonstrated in recent experiments that ·resonant SHG can al
low us· to obtain spectroscopic data of submonolayers of adsorbed molecules on 

·a surface [3]. The signal was so strong that Jess than one tenth of a mono
layer of dye molecules-could be easily detected. The method can be applied to 
molecules adsorbed at an interface between two dense media such as a liquid/ 
solid interface. Then, using SHG, adsorption isotherms of adsorbates on sub-
strates can be measured [4]. · . 

In many applications of the technique, one is.interested in how large·the 
bulk contribution to SHG is in comparison with the surfaGe contribution. 
Second-order nonlinear optical processes are forbidden ~n a medium.wtth fnver
sion symmetry only in the electric-dipole approximation. Could SHG from elec
tric-quadrupole and magnetic-dipole contributions i~ the bulk be so strong as 
to mask out the electric-dipole contribution from the surface? In our studies 
of molecular adsorbates, we have found that the SH signal from a centrosymmet
ric substrate can be changed apprec'iably by. the adsorption of a monolayer [5]. 
This clearly indicates that it is the adsorbate layer rather than the bulk of 
the substrate·which dominates the SHG pracess .. We.are, however,-~lso inter- · · 
ested in developing the SHG technique for studying bare surfaces, and would 
like to know the relative bulk and surface contribution to SHG in such cases. 

We have studied this problem experimentally by measuring the SHG from well
defined faces of a crystalline material. Consider the case in which a linear
ly polarized laser beam is incident on the surface of a silicon sample, and. 
the SHG is measured as the sample is rotated about ... its surface normal. The 
induced nonlinear polarization at 2w is expected to have two terms: an isotro
pic term which is independent of the sample rotation, and an anisotropic term 
which reflects the structural symmetry of the surface and the .bulk. ·one can 
separate th~ two terms by measuring the s-polarized SH output for·p-polarized 
pump input because the SH signal in this case comes from the anisotropic term 
only. It can be shown, by symmetry, that for the (100) face of Si, the aniso
tr:opic term arises solely from the bulk, while the isotropic term arises from 
both the bulk and the surface layer [6]. Consequently, by comparing the s-po
larized to another polarized (say, p~polarized) SH signal for a p-polarized 
input laser beam, we can find the relative contributions of the bulk and the 
surface to the SHG from the given sample. 
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Our experimental results on Si (100) under laser excitation at 5320 A 
showed that the s-polarized SH output was much weaker than the p-polarized 
output, but this difference was mainly due to the different radiation effi---
ciencies in the two cases. Quantitative analysis of the experimental data 
allowed us to estimate the relative·magnitudes of tne i~otropic part versus 
the bulk anisotropic part of the effective nonlinear susceptibilities. We 
found that they were of the same order of magnitude. 

For the SHG from the Si (lll) surface, the anisotropic term contains con
tributions from both the surface and the bulk. The surface anisotropic term 
should reflect the 3m symmetry of the surface structure. When the anisotropic 
term is isolated by the polarization conditions -discussed above, the SH out
put, being proportional to the square of the nonlinear polarization,.should 
exhibit a 6m symmetry. This is indeed what we observed, as shown in Fig. la. 
For other output polarizations, both the isotropic and the anisotropic- ·par.ts 
contribute to the signal,.so theoutput should show a 3m symmetry with 3 major 
peaks 120° apart and 3 minor peaks in between. When.the incidence angle or -
polarization of the input laser beam is .adjusted properly, the isotropic and 
anisotropic parts can be made ~f equal magnitude. Then, the three minor peaks 
reduce to zero and only the three major peaks should be present. As shown in 
Fig. lb, this is also what we f-ound experimentally for a p-polarized input 
beam incident at 45°. The results led to tne conclusion that the anisotropic 

·part of the surface nonlinear susceptibility was about 5 times weaker than the 
isotropic part. 
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Fig. 1. SHG intensity for p-polarized pump radiation from a Si {111) surface 
vs. the angle of rotation about the surface normal: (a) For s-polarized SH 
output the signal is due solely to the anisotropic part of the nonlinear po
larization. {b) For.p-polarized SH output the isotropic and the maximum value 
of the anisotropic contributions to the nonlinear polarization are roughly 
equal [experiment -; theory :---] · . · 

. . 
The above study suggests that although the surface and bulk contributions 

are equally important, the SHG from a surface can still be used to probe the 
structural symmetry of the surface layer, if it is sufficiently different from 
that of the bulk. In the case of molecular adsorbates, the SH signal from the 
adsorbate layer is expected to be at least comparable to that from the crystal 
surface layer, and can· thus provide information about the symmetry of the mo
lecular arrangement on the substrate. Indeed, using this technique, we·have 
found that the azimuthal distribution of molecular adsorbates on fused quartz 
is most likely isotropic [3,5]. The polarization dependence of the surface
specific SHG also allows us to obtain information about the average orienta
tion of molecular adsorbates on a syb·~trate (5]. This follows from the fact 
that the nonlinear susceptibility x\ 2 1 of the adsorbate layer is related to 
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the nonlinear polarizabil· ty ~( 2 ) of the adsorbates by the geometric tensor 
<T> describing the average molecular orientation 

(2) _ A.~v (2) 
X· 'k- <T. 'k Na, . 1J 1J · A~V 

(1) 

Here, T~jk represents th~- coordinate transformation between the molecula~ (E;, 
71 ,r;) system and the lab (x;y,zi ~ystem, and N is the surface density of the 
adsQrbates. Measurements of x j~·or of the ratios of various cumponents of x{ 2 J should therefore give us ne average molecular orientation. 

We have recently applied this technique to measure the·· mol'ecul ar orienta
tion of p-nitrobenzoic acid (PNBA) on ·fused quartz at both air/q·uartz and eth
anol/quartz interfaces [5]. Taking the orientational distribution.to be . 
sharply peaked, the long a~is of PNB~ was found to be tilted from the surface 
normal by - 40° in the 1 iquid and - 70° in the air. The -difference ·could be ·· 
explained by the solvation··energy of PNBA in the liquid. 

It should however be noted that the local-field eff-ect has·been neglected 
in Eq. (1). The local field on a_dsorbed molecules arises from the induced di
pol€-induced dipole interaction between molecules and the induced dipole-image 
dipole interaction between the molecules and the substrate:· It can be decom
posed into a spatially non-varying part and a spat1~lly varying part [7]. The 
.former can be described by the use of a local-field correction factor. The 
latter modifies the transition matrix elements in the molecular polarizabili
ties. Both components of the local field contribute to the effective nonlin·· 
ear polarizability of the adsorbed molecules. Their effect can be estimated 
by a calculation using the classical point-dipole model. It is found that if 
the center of the main electronic cloud which contr~butes to the molecular po
larizability is more than 2.5 A away from a substrate, the local-field effect 
from the induced dipole-image dipole interaction is negligible. If the mole
cules are sufficiently far apart(> 10 A), then the local-field ·effect due to 
molecule-molecule interaction is also negligible. 

In our experiment with PNBA adsorbed on ~uartz, the classical point-dipole· 
calculation shows that the local~field effect should be negligible. Our mea
sured orientations of PNBA on'quartz should therefore -be acceptable. This 
conclusion is supported by the experimental fact that the measured orienta-· 
tions were independent of the laser fre_quencies used [5]. It is improbable· 
that the orientations inferred from Eq. (1) should be.frequency independent if 
the local-field effect were important, since the latter should be quite dif
ferent for frequencies ranging from on-resonance to·far off-resonance . 
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