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The possibly of using nonlinear optical processes for surface studies has attracted 

increasing attention in recent years. Optical second harmonic generation (SHG) and sum 

frequency generation (SFG), in particular, have been well accepted as viable surface probes.1 

They have many advantages over the conventional techniques. By nature, they are highly 

surface-specific and has a submonolayer sensitivity. As coherent optical processes, they are 

capable of in-situ probing of surfaces in hostile environment as well as applicable to all 

interfaces accessible by light. With ultrafast pump laser pulses, they can be employed to study 

surface dynamic processes with a subpicosecond time resolution. These advantages have opened 

the door to many exciting research opportunities in surface science and technology. This paper 

gives a brief overview of this fast-growing new area of research. 

Optical SHG from a surface was first studied theortically and experimentally in the 

sixties.2 Even the submonolayer surface sensitivity of the process was noticed fairly early.3 

The success was, however, limited because of difficulties in controlling the experimental 

conditions. It was not until the early 1980s that the potential of the process for surface analysis 

was duly recognized.4 The first surface study by SHG was actually motivated by the then active 

search for an understanding of the intriguing surface enhanced Raman scattering (SERS).5 It had 

been suspected that the enhancement in SERS mainly came from the local-field enhancement due 

to local plasmon resonances and pointing rod effect on rough metal surfaces. In our view, 

Raman scattering is a two-photon process and is therefore a nonlinear optical effect. If one 
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nonlinear optical effect is enhanced by local-field enhancement, so will the others be. We should 

then expect SHG to be also strongly enhanced on rough metal surfaces. A measurement of SHG 

from a roughened Ag surface indeed showed a -104 enhancement in comparison to a smooth 

surface.6 It immediately suggests that even 

without surface enhancement, an adsorbed monolayer could be readily detected. The use of SHG 

to monitor adsorption and desorption of molecules on an electrode in an electrolytical cell was 

soon demonstrated.4 In subsequent years, a large number of experiments were performed to 

explore the potential of SHG as a surface tool.1 Today, the technique together with SFG has 

already found such a wide range of applications that few other surface techniques can match. We 

note in passing that although the surface enhanced local field effect played a key role in the 

successful development of SHG as a surface probe, it itself has not yet had a satisfying 

quantitative understanding. For example, one can estimate from the simple theory that if a lo4 

enhancement in SHG from a rough metal surface is observed, then a 108 enhancement in 

degenerated four-wave mixing at the same frequency should be expected. Despite numerous 

experimental attempts, no such strong enhancement has ever been reported. 

The observed signal was surprisingly strong. 

SHG and SFG are highly surface-specific because of their intrinsic symmetry. As 

second-order processes, they are forbidden in a medium with inversion symmetry, but 

necessarily allowed at an interface. While electric quadrupole and magnetic dipole contributions 

from the bulk may not be totally negligible, in many cases the surface contribution does 

dominate. In general, the signal of reflected or transmitted SHG or SFG from an interface 

between a linear and a nonlinear medium can be written as1 

where L = (Lxx, Lyy, Lzd are the appropriate Fresnel coefficients, and $; is the effective 

surface nonlinear susceptibility given by 
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(2) Here & is the bulk 

nonlinear susceptibility of the nonlinear medium, is the wavevector along the surface normal 

in the nonlinear medium fj(O) = 1 for j = x, y, and fj =E (a)/€ '(a) for j = z with E and E ' 

the surface nonlinear susceptibility of the interface, x g )  is 

being the dielectric constants of the nonlinear and the interfacial layer, respectively. 
(2) (2) In order for SHG or SFG to be surface-specific, we must have 1% 1 2 I xB /2 k(a)l. 

(2) This is the case with a centrosymmetric medium (as we mentioned earlier) since 3$ = 0 under 

the electric dipole approximation. In this case, if we assume that the surface is a mere 
(2) (2) termination of the bulk structure and both X, and xB come from electric quadrupole 

(2) (2) contribution responding to the spatial variation of the field, we should find 1% I - JxB /kJ. This 

is because the field varies in the bulk on the scale of wavelength whereas at the surface, on the 

scale of surface layer thickness. However, if the surface has the structure of a polar layer so that 

2:' is nonvanishing in the electric dipole approximation, we could find Id I >> IxB /kl. SHG 

or SFG would then effectively measure xS and appear surface-specific. 

2) (2) 

(2) 

The microscopic expression of $)(a = a 1  + 0 2 )  can be written as1 

+ 6 others terms 
(glriln)(nlrkln'Xn'lrj lg) 

(wwng+irng) (a 1 -On~g+irn~g> 
+ 

where N, is the surface density of molecules, and po is the ground state population. It is seen 

that x, is resonantly enhanced as 01 or or 01 + q approaches a resonance. Thus SHG and 

SFG can be used for surface spectroscopy. Through resonances, selective surface species can be 

g 
(2) 

identified and probed, and surface resonant dynamics can be studied. 
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(2) Being a rank-3 tensor, xs can reflect a surface symmetry equal to or lower than a 3- 

fold rotational one.? With its surface sensitivity, SHG or SFG can then be used to monitor 

surface phase transition such as surface melting and surface reconstruction. In comparison, a 

linear optical technique suffers not only from its lack of surface specificity, but also from its 

inability to identify a surface symmetry higher than a 2-fold rotational one. Experimentally, the 

nonvanishing elements of (x, )-- can be determined using SHG or SFG with various 

inputloutput polarization combinations and beam geometries. Chiral surfaces8 and magnetized 

surfaces9 can be studied by measuring their signatures embedded in (& )ijk. The most 

attractive areas of applications of SHG and SFG are on liquid surfaces1O and buried interfaces6 

where conventional techniques have serious limitations. However, we should remark that as is 

usually the case, no single analytical tool can characterize a surface or interface completely. 

SHG or SFG is certainly not an exception. 

(2) 
1Jk 

(2) 

Although SHG and SFG are powerful and versatile, they also have their limitations and 

difficulties like other techniques. Lest the applications of the techniques be erroneous, it is 

important to know these limitations. Here, we discuss briefly the most frequently encountered 

ones. First, we should provide a clear definition of surface or interface. In our case, a surface or 

interface is defined as the transition layer between two adjacent bulk media; in this layer, the 

induced polarization is different from the bulks because of the difference in structure or field 

distribution or both.1 The layer thickness is practically of the order of one to several monolayers. 

The goal of our surface studies is to probe the properties of this microscopic layer. However, as 

mentioned before and displaced explicitly in Eq. (2), the bulk contribution to SHG or SFG in 

general is not negligible. In an actual experiment, proper steps must be taken to extract the 

desired surface signal from the measurement. Surface modulation is a commonly adopted 

scheme. Since SHG and SFG are particularly sensitive to surface, surface preparation is 

necessarily important. For example, surface contaminations or defects can drastically affect the 

measured signals. This was actually the difficulty encountered in the early experiments of SHG 

from surfaces of metals and semiconductors.2~3 
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One useful application of SHG or SFG is to probe adsorbates on a surface or interface. 

One would hope that the signal could be simply related to the surface density of the adsorbates. 

Unfortunately, this is far from the case. The measured effective surface nonlinear susceptibility 

can be expressed in the form1 

(2) where xBS is the effective surface nonlinear susceptibility of the bare substrate including the 

bulk contribution, xM is the surface nonlinear susceptibility of the monolayer, and xI is due to 

interaction between the monolayer and the substrate. Only in simple cases, will 3 1 ~  and x y )  be 

(2) (2) 

(2) 

proportional to the surface density of adsorbates %; even then, the three terms in Eq. (4) can all 

be complex quantities with different phases. More generally, if the local-field correction11 and 

the interaction between adsorbates are significant, iz and become complex and often 

unknown functions of Ns. In this latter case, the use of SHG and SFG to probe the adsorbates 

obviously needs special care. Average orientation of molecular adsorbates on a surface is, for 

example, a useful piece of information for many applications. This requires knowing the ratios 
(2)  of the nonvanishing average polarizability elements ( ) of the adsorbed molecules. To 

Tq c #A. 

(4 achieve that without complication, we would like to have 3 ( ~  dominate over the other two 

terms in Eq. (4) and be linearly proportional to Ns. Even so, it is often not possible to determine 

. 

Only in simple cases can the contributions of some elements of (frit;) to x:) be neglected and 

then all the dominant ( ) be determined. For instance, we can expect for rod-like molecules 

that l ~ c c l  >> ltqql - I a is along the long molecular axis. For an 

azimuthally isotropic distribution of such molecules on a surface, we can deduce their average 

polar orientation by SHG measurement of the independent nonvanishing elements (xs )zzz and 

(2)  dominating should be justified by the existence of the ($))zyy. The assumption of 

(2)  (2) ) ) because there may not be as many nonvanishing independent (x, )ijk as (a 
all (a& (2) srlc 

(2) (2) {it2) (2) I - I arlrlSI , where ml 
(2) 

Ycc 
(2) (2) 

equality(xs lZYY =(& )yzy. 
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(2) There exists yet another intrinsic difficulty if the values of (& ).. are to be deduced 

from experiment. We need to know the dielectric constants of the bulk media and the surface 

layer in order to be able to calculate the Fresnel coefficients in Eq. (1). The bulk dielectric 

constants of a material may not be readily available, but they can at least be measured. The 

dielectric constant E '(a) of the surface layer, however, is an average quantity over the layer 

thickness, and is not easily measurable. In an SHG or SFG experiment we can actually 

determine only (% lijk gig$&, but not (q )ijk,' where gj(a) = 1 if j = x,y, and gj(a) = 

~/E'(o) if j = z. This leads to some arbitrariness in the determination of the molecular 

orientation, for example. We should also be aware of the fact that E '(a) is generally a tensor, 

and there is the usual controversy of whether the dielectric constant of a microscopic layer can be 

properly defined. 

1Jk 

(2) (2) 

The most attractive feature of SHG and SFG is perhaps their capacity for surface 

spectroscopy. 1 The intrinsic surface specificity makes them rather unique as spectroscopic tools 

for studies of pure liquid and solid surfaces or interfaces. With ultrashort laser pulses, even 

transient surface spectroscopy can be explored. However, similar to the well-known coherent 

anti-Stokes Raman spectroscopy, SHG and SFG suffer from the fact that their special profiles 

represented by I L(o) - %ff - L ( q )  L ( q )  l2 are more complicated that the conventional ones. 

Assuming 01 is near resonances, we can write 

Clezirly, the real and imaginary parts of gf must both contribute to the observed spectrum, and 

unlike conventional spectroscopies, the nonresonant background &R can be important in 

determining the spectral profile. Furthermore, the dispersion of L(q)  can also significantly 

alter the spectral profile. In order to deduce quantitative information about resonances, a least 

square fit of Eq. (1) to the experiment data is necessary. 

(2) 
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As a spectroscopic technique, SHG or SFG is presently limited by the tuning range of 

available laser sources. In the infrared region where surface vibrational resonances are of great 

interest, the limitation is set by difference frequency generation in nonlinear media to around 12 

pm. With the advert of free electron lasers, extension of the tuning range to 100 pn or longer 

should no longer be a problem. In the uv region, continuous tuning to several tens of nm by 

wave mixing should be possible. 

Finally, we note that like most of other techniques, calibration is always important but 

difficult for SHG and SFG. For example, we can use SHG to probe in-situ the surface density of 

adsorbates, Ns, but we first need a calibration of SHG versus %. We can use SFG spectroscopy 

to monitor the change of a surface, but we need reference spectra of well-defined surfaces for 

quantitative interpretation. In this respect, it is usually important to have other surface techniques 

as complementary tools in a surface study. 

In summary, there is no doubt that the SHG and SFG are powerful and versatile as 

surface probes, and can be exploited to explore many new areas of surface science. However, 

they also have limitations. For proper applications of the techniques, care must be taken in the 

measurement and analysis to avoid or overcome these limitations. 
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