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ABSTRACT 

Optical second harmonic generation can be an effective tool for sur-

face studies. In this paper, the basic theory for the process_and a 

number of demonstrating experiments are reviewed. We show that the pro-

cess has a submonolayer sensitivity, and an overall flexibility. It can 

be used to probe resonant transitions, molecular arrange~ent, molecular 

orientations, adsorption and desorption, surface local-field enhance-

ment, and time-resolved surface dynamics, and is generally applicable to 

a surface or interface between any two centrosy:runetric r:Jedia. It has 

been employed in the studies of atomic and molecular adsorption on ~etal 

and semiconductor sur faces in ultrahigh vacuum as '..rell as on metal, 

semiconductor and insulator sur faces in air and liquid. 
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I. INTRODUCTION 

Recently, laser studies of surfaces have become a subject of great 

interest.1 On the one hand, lasers have the capability of modifying 

surfaces and interfaces. Research on laser-induced annealing, alloying, 

and processing has. attracted increasing attention. On the other hand, 

lasers can be used to p~obe surfaces and interfaces. Introduction of 

laser techniques for surface probing has significantly broadened the 

horizon of surface science research. This article concerns the latter 

aspect of laser applications to surface science. 

In surface science, characterization of surfaces and interfaces is 

of central importance as it is essential for the understanding of all 

surface phenomena. To this end, various techniques have been developed 

in the past.2 While most of them involve emission, adsorption, or scat

tering of massive particles, a few rely on optical probing. The optical 

methods have the advantage of being generally applicable to interfaces 

between two dense media, but their sensitivities are often limited. 

With the advance of laser technology, however, optical techniques have 

been greatly improved. In addition, a number of new optical probes have 

been invented, which offer some unique possibilities for surface 

studies. For example, resonant fluorescence and multiphoton ionization 

have been employed to measure angular, velocity, and internal energy 

distributions of molecules scattered or desorbed from a surface, and 

thereby obtain detailed information about the molecule-surfaqe interac

tion.3 Laser-induced desorption,4 photoacoustic spectroscopy,S and pho

tothermal deflection spectroscopy6 have been used for spectroscopic 

studies of adsorbates and surface states. Considerable effort has also 



3 

been made in the development of surface probes based on nonlinear opti-

cal effects. 

Both second-order and third-order nonlinear dptical processes have 

been considered for surface studies. Coherent Raman spectroscopy is an 

example of the third-order processes. Stimulated Raman gain spectres-

copy is known to have very high sensitivity, especially when.continuous-

ly mode-locked lasers and synchronous detection schemes are used.7 De

tection of a gain as small as - 10-8 is possible, and the technique has 

been shown to be sensitive enough to detect the Raman spectrum of a mo

lecular monolayer.B Coherent anti-Stokes Raman spectroscopy (CARS) is 

also extremely sensitive, and should be capable of detecting a molecular 

monolayer.9 The sensitivities of both Raman spectroscopies can be fur-

ther enhanced by employing surface or guided optical •.vaves as pump and 

probe. However, both also suffer from complexity of the experimental 

arrangement and from the undesired contribution to the signal from the 

substrate on which the molecules adsorb. Spectral selectivity is often 

the only basis that can be used to discriminate the adsorbed molecules 

against the substrate in this case. 

Second-order nonlinear optical processes, when allowed, are gener-

ally much stronger than third-order processes, and are easily detectable 

even in a molecular monolayer. The experimental arrangement is also 

much simpler. It turns out that the second-order processes are particu-

larly suitable for surface studies. They are surface-specific at inter-

faces between two media with inversion symmetry for the following rea-

son. From a simple symmetry argument, it can be shown that a second-

order process is forbidden in a centrosymmetric medium in the electric-

' ·'· 
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dipole approximation, but is necessarily allowed at a surface or inter

face. In this sense, the second-order processes hold an intrinsic 

surface specificity on the atomic scale.10 The surface sensitivity of 

the second-order processes indeed has been demonstrated in a number of 

early experiments on surface second. harmonic generation (SHG). 11 More 

recent work has been focused on exploiting the SHG pr.ocess as a tool· for 

surface studies. 12-16 The latter is the main theme of this review ar

ticle. 

There are two important criterions a viable new surface tool must 

satisfy. First, it must have enough sensitivity to detect a molecular 

monolayer or submonolayer. Second, it must have enough advantages over 

the· existing surface probes. The second-order nonlinear optical proces

ses are indeed sensitive enough to detect a molecular submonolayer. 

Their major advantages over the conventional surface surfaces are in the 

very high spectral resolution(< 0.01 cm-1) and time resolution(< 1 

psec) a nonlinear optical technique can offer, and in the fact that such 

processes can be used to study interfaces between two dense media. As 

we shall see in later sections, the various possible combinations of in

put and output polarizations also allow us to deduce information about 

the surface structural symmetry and the orientation of molecular adsor

bates. 

In the following sections, we first describe briefly the theoretical 

':lasis for SHG. We then selectively review the various experiments that 

demonstrate the surface sensitivity of SHG and the effectiveness and 

versatility of SHG as a surface probe. 
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II. THEORETICAL BASIS 

The general theory of surface SHG was developed earlier in 1962 by 

Bloembergen and Pershan.17 Here, for simplicity, we consider only the 

case of an interface between a medium and vacuum. Recognizing that the 

properties of the interfacial region are different from those of the 

bulk, we can treat the problem as SHG from a three-layer system schema-

tically shown in Fig. 1.10 The thickness of the interfacial layer dis 

necessarily of microscopiq dimension. Therefore, the nonlinear polari-

zation p(2)(2w) which is responsible for the SHG can be written as 

p(2)(2w) "'0 for z < 0 

for z > 0 (1) 

where 

.... p. (2) - ++X (2) :+E ( w)+E ( •·•) B - B ~ for a medium without inversion symmetry 

"'~~[):E(w)VE(w) for a medium with inversion symmetry 

+ + + + 
E(w) "'~exp(ik • r- iwt). 

The SHG is t~en described by the solution of the Maxwell equations with 

p(2)(2w) acting as the radiation source. For the reflected SH output, 
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or the homogeneous part of the transmitted SH output, it can be shown 

that the solution remains unchanged if ~(2)(2w) in Eq. (1) is replaced 

by an effective surface nonlienar polarization 18 such that 

p(2) (2w) • 0 for z < 0 · 

for z > 0 (2) 

where 

for j • x,y,z 

-+ -+ 
and k1 and k2 are wavevectors of the free waves at 2w reflected into the 

vacuum and trasmitted into the medium, respectively. The solution 

yields, for the 5- and p-polarized SH wave radiated back into the va-

cuum, 

i41Tkf 
Es(2w) • (Ps ff) k1,z + k2,z ,e Y 

i41Tk1 
Ep(2w) • k [k2,z<Ps,eff)x + k2,x<Ps,eff)z]. 

e: 1 ,z + k2 ,z 
(3) 

The output SH power is given by 

(4) 

·-
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Since the boundary condition requires k1,x = k2 ,x = ks,x = 2kx(w), the 

output is. expected to be highly collimated in a well defined direction. 

Equation (1) shows that in order for SHG to be surface-specific, we 

must have IP£2)1 ~ (1/2k2)jP£2)1. This would mean lx£2) I~ (1/2k2llx~2 ) I 

or lx~2)11lx~2 ) ld ~ 1/2k2d if the medium has no inversion symmetry. 

Such an· inequality is unlikely to hold since k2d < < 1 • Therefore, SHG 

is generally not applicable to surface studies of a medium without in~ 

version sy!Jl.metry. If, however, the·medium is centrosymmetric, then 

-+ ) .. ( -+ -+ 
p~2 a XNC) :EV'E derived from electric quadrupole and magnetic-dipole 

contributions is ka. times weaker th~n ~~2):EE from the electric-dipole 

contribution, where a is the lattice constant or the size of the atoms 

or molecules in the medium. The condition jP£2)1 ~ (1/2k2 )1P~2)1 then 

becomes lx~2)11lx~2) ld ~aid which, with aid, can be satsified in 

many cases. This happens, for example, with metal surfaces where free 

electrons give rise to large surface nonlineari ties, with semiconductor 

surfaces where dangling bonds with lone-pair electrons yield large sur-

face nonlinearities, and with surface layers of molecular adsorbates 

that possess large nonlinearities. As we shall discuss later, the sur-

face layer can dominate over the bulk in SHG in some cases; in other 

cases, the surface nonlinearity can be determined separately by appro-

priate measurements. 

As an order-of-magnitude estimate, we can assume lx~2)1d- lx~2)1, 

which is normally in the 1o-6-1o-8 esu range. With d - 10-7 em, we 

have, for a surface monolayer of atoms or molecules, lx~2) 1 - 1o-13-1o-15 

esu. One can also'use the second-order perturbation calculation to give 

a rough estimate of lx~2)1. Assuming the absence of local-field cor-
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rection, and assuming the laser excitation far off resonance, we have 

(5) 

With Ns - 1014~1o15Jcm2 for a molecular monolayer, r - 1 A, and w0 - 3 

x 1o15Jsec, we find lx~2)1 - 1o-14-1o-15 esu. Resonant enhancement can 

of course greatly enhance the value of lx~2)1. 

Knowing the value of lx~2)1, we can estimate the signal strength of 

SHG from a surface layer. Equation (3) leads to a SH output12 

(6) 

for an input laser pulse with intensity I(w), cross-section A, pulse 

duration T, and incidence angle e. If we take lx~2)1 ~ 10-15 esu, I(w) 

- 10 MW/cm2, A- 0.2 cm2, T- 10 nsec, and e- 45°, the sig:.al strength 

S is of the order of 104 photons/pulse. Such a large signal should be 

readily detectable. This then predicts the submonolayer sensitivity of 

surface SHG. Measurement of the surface SHG allows us to deduce i£2) 

for the surface layer. 

From the surface science point of view, it is of course most impor

tant that the macroscopic ~~2) can be related to the surface proper

ties. Unfortunately, the detailed microscopic understanding of ~~2) is 

still lacking. We can offer here only the following general picture. 

For a molecular monolayer adsorbed on a sur face, the sur face nonlinear 

susceptibility can be written as 

'~ 
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(7) 

.. (2) .. x(2) Here, Xss is the contribution from the bare substrate surface, M 

is the contribution from the molecular layer isolated from the sub

strate, and x£2) ar_ises from interaction between the molecule and the 

substrate that changes the properties of both the molecule and the 

surface of the substrate. Whether a particular term dominates in Eq. 

(7) or not depends on the material system. In some cases, asymmetric 

molecules with large second-order nonlinear polarizabilities can yield a .. 
dominating x~2) if they are aligned on the surface. 

~~2) 

In other cases, .. 
may be negligible and the only effect of the adsorbates on x~2) 

* * modification of x~§) by x£2). While it is possible to make a is a 

reasonable guess at the physical origins of the various terms in Eq. (7) 

for a given surface system, a more quantitative picture would require a 

rather ti1orough understanding of the microscopic properties of the sur-

face system. It !s possible, for example, to use the bond theory to 

calculate x~2) for se~iconductor and insulator surfaces, but one needs 

prior knowledge of the surface structure. 

The possible local-field effect on ~~2) is also a problem of great 

importance for understanding surface nonlinearity.19 In the present 

case, the local-field correction arising from induced dipole-induced di-

pole interaction between molecules comes in two ways. First, the 

average local field leads to the usual expression between macroscopic 

and microscopic susceptibilities 

·.~ 
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.... 
where L is the local-field correction factor which is necessarily 

different from that for the bulk, and ~£2) is the microscopic suscep-

tibility. Then, the strong spatial variation of the local field at the 

surface can modify the transition matrix elements and hence ~£2). The 

harmonic frequency component of the local field may also contribute, but 

it is believed to be less important. In the absence of any reasonable 

quantum theory of the local field, the classical point-dipole model is 

often used to calculate the local-field effect. For a surface layer of 

moleclar adsorbates, it has been found that the local-field correction 

(with respect to the incoming field in vacuum) is negligible if the 

nearest-neighbor distance between adsorbed molecules is more than - 10 A 

and the distance between the molecules and the substrate is more than 

2.5 A in the metal case or more than 1 .• 5 A in the insulator case. 

Aside from the above microscopic local-field correction, there also 

exists a macroscopic local-field correction (with respect to the incom-

ing field) arising from the macroscopic boundary effect.20 In the plane 

boundary case, for example, the macroscopic local-field correction is 

simply described by the Fresnel factor for transmission. On a rough me-

tal surface with structure of the order of a wavelength in size, this 

local-field correction can be very large, leading to a local-field en-

hancement of surface SHG several orders of magnitude stronger than that 

from a smooth surface. 

"· 
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III. STUDY OF SURFACE ENHANCEMENT OF OPTICAL PROCESSES BY SECOND 

HARMONIC GENERATION 

It was discovered some time ago that the effective Raman cross-sec-

tion of molecules can increase by many orders of magnitude when adsorbed 

on roughened noble metal surfaces.21 The cause of this large surface 
( 

enhancement and the promise that surface-enhanced Raman scattering 

(SERS) may be useful as a sensitive tool for surface spectroscopy have 

attracted a great deal of attention. Two general mechanisms contribute 

to the enhancement. First, a chemical interaction between the adsorbed 

molecules and the substrate can lead to a larger intrinsic Raman cross-

section than that of an isolated molecule. Second, the incoming and 

outgoing optical fields can be enhanced by the macroscopic local-field 

enhancement mentioned earlier. For metals, the local-:--field enha,ncernent 

on a rough surface could be exceptionally strong because of the presence 

of local plasmon resonances and corona (or lightning rod) effects in the 

local structures. In Raman scattering, these two mechanisms are both 

present, and it is difficult to distinguish one from the other. More-

over, unless the surface enhancement is larger than - 103, the SERS sig-

nal is not easy to detect. This limits the possibility of SERS measure-

ments to only a few metals, namely, the noble metals. 

We realize, however, that Raman scattering, being a two-photon tran-

sition, is a nonlinear optical effect, and any nonlinear optical process 
l 

should experience a surface local-field enhancement. If we are 

interested in exploring only the surface local-field enhancement, it is 

more appropriate to study those optical effects that can be observed on 

bare metal surfaces. Without adsorbates (or with the same adsorbates on 



12 

both smooth and rough surfaces), surface enhancement due to chemical in

teraction does not come into play. Comparison of the signal strength 

from rough and smooth surfaces will then yield the local~field enhance

ment alone. Surface SHG is ideal for such study not only because the 

experimeht is relatively simple, but also because it provides easily 

detectable signals from both smooth and rough surfaces of any meta1.20,22 

In terms of the. macroscopic local-field correction factor~. the ef

fective nonlinear susceptibility for surface SHG is given by 

(8) 

and the surface enhancement is expected to be 

(9) 

·..where the integration is over the rough surface structure. On some 

local tips, ~( w) is a maximum because of local plasmon resonance, but 

then 2(2w) is likely to be close to unity.. If ~~ax(w) dominates in the 

above integral, then Eq. (9) can be approximated by 

( 1 0) 

with f being the fractional area where~max<w) occurs. For Raman scat

tering, the Raman cross-section oR is directly proportional to the ima

ginary part of x<3>(ws ~ wt - wl + ws>· The surface local-field 

enhancement of oR is easily shown to be 

.... 
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( 1 1) 

If w.t - ws - w, and~ax(w) dominates in the integral, we again have 

( 12) 

Thus, measurement of the local-field enhancement of surface SHG should 

also allow us to determine the local-field enhancement in SERS. 

The experimental arrangement for surface SHG is shown in Fig. 2. 

While the SH output from a smooth stir face is highly directional, the one· 

from a rough surface is highly diffusive because of roughness scatter-

ing. The surface enhancement ~as measured by comparing the total dif-

fuse SH outpu_t from the rough surface to the coherent SH output.from the 

smooth surface. Indeed, as shown in Fig. 3, we found, with a pump beam 

at 1.06 ~m, a surface enhancement of- 104 on an electrochemically 

roughened surface. This would correspond to a local-field enhancement 

of - 106 in SERS with respect to Raman scattering from isolated 

molecules. With the pump field at 0.683 ~m, the measured local-field 

enhancement in surface SHG was 102. This should correspond to a 

local-field enhancement of - 105 in SERS. The dielectric dispersion 

is expected to reduce the enhancement of SERS at 0.54 ~m to 2 x 104. 

The measu~ed surface enhancement of SERS at 0.54 ~m, including both the 

local-field and the chemical effects, was - 106. 'rle can therefore 

conclude that an enhancement of - 50 may arise from the pyridine-Ag 

interaction. 

The observation of surface-enhanced SHG on rough Ag surfaces clearly 

demonstrates the importance of local-field enhancement on surface non-
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linear optical processes. The high sensitivity of surface SHG now allows 

us to measure not only the surface enhancement on noble metals but also 

that on other metals or solidse This has recently been carried out with 

samples of identical roughness so that the relative enhancement can be 

deduced.22 Among the 16 metals studied, Ga, Mg, and At appeared to have 

a local-field enhancement comparable to or larger than Ag. The results_ 

suggest that SERS may be possible on.quite a few different metal sur

faces, considering that the chemical interaction between molecules and 

substrates should further enhance the Raman effect. 

IV. STUDY OF MOLECULAR ADSORPTION AND DESORPTION ON ELECTRODES IN AN 

ELECTROLYTICAL CELL 

~lectrochemistry is a very old discipline, but the understanding of 

electrochemistry is still at a very primitive stage. One of the major 

difficulties is that very .little is known about adsorbates on electrodes. 

We showed in Sec. II that surface SHG has the sensitivity of detect

ing a submonolayer of molecular adsorbates. On a roughened metal elec

trode, the surface enhancement could further improve the detection sen

sitivity. It is therefore possible to use surface SHG to study molecu

lar adsorption and desorption at an electrode. 12 An example is shown in 

Fig. 4, where surface SHG from a Ag electrode in a 0.1 M KCt solution is 

found to respond to the appearance and disappearance of AgCt on the 

electrode. The signal increases rapidly when the first monolayer of 

AgC1 is formed at the roughened electrode, as judged from the amount of 

charge transfer through the electrode, and decreases precipitately when 

the last monolayer of AgC1 is reduced back to Ag and Ct. In between, 
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although hundred of AgCt monolayers are formed and reduced, the signal 

varies only slightly, mostly in response to the change in surface rough-

ness. This is the result of the surface-specific nature of SHG. If 

0.05 M of pyridine is added into the solution and a sufficiently nega-

tive bias is put on the Ag electrode, it is known that pyridine mole-

cules would adsorb to the Ag surface at some active sites with no more 

than a monolayer. Yet the surface SHG signal is Fig. 4 shows that it 

can clearly respond to the adsorption of pyridine.12 When a laser pulse 

of 0.2 mJ of energy at 1.06 wm and 6 nsec in pulsewidth was focused to a 

spot of 0.2 cm2 on the pyridine-adsorbed electrode, a signal level of 8 

x 105 photons/pulse was detected. Knowing that the enhancement of SHG" 

on such a surface is - 104, and assuming that the sur~ace coverage of 

pyridine is 4 x 1o14Jcm2, we can deduce from Eq. (6) a value of the non

linea~ susceptibility per adsorbed pyridine molecule t6 be - 8 x 1o-30 

esu. 

Unless a tunable laser is used, the SHG technique is not spectrally 

selective. This is certainly a disadvantage of the technique. Another 

difficulty is the lack of microscopic understanding of the surface non-

linearity incurred by the adsorbates. For example, it is not understood 

why the SHG signal increases when pyridine molecules are adsorbed on the 

Ag electrode in the electrolytical solution12 while it decreases when 

the same molecules are adsorbed on Rh(111) in an ultrahigh vacuum.16 

The de-field-induced SHG was not important in the case of Ref. 12, as 

judged from the signal dependence on the bias voltage. It may happen 

that the adsorption of pyridine on Ag induces a charge-transfer band in 

the green at which the SHG is resonantly enhanced. 



16 

The possible applications of SHG to electrochemistry are yet to be 

explored. As long as the adsorbed species on an electrode can be iden-

tified by some means (for example, SERS), surface SHG can be used to 

study the time dependence of adsorption or desorption of that species, 

and to help monitor molecular adsorption and desorption during an elec

trolytic cycle.20,23 In another case, when a fixed number of adsorbates 

exist on an electrode, the surface SHG as a function of the bias voltage 

allows us to find the effective surface charge density on the electrode.24 

V. STUDY OF MOLECULAR ADSORBATES ON INSULATORS 

~~ile rough surfaces may be of practical importance in surface 

science, smooth surfaces are obviously better characterized and easier 

to analyze •. We discuss here applications of surface SHG to the study of 

molecular adsorbates at gas/solid and liquid/solid interfaces. As we 

showed earlier, surface SHG has the sensitivity to detect a molecular 

submonolayer, and can therefore be used to study molecular adsorbates. 

We shall describe in the following how information about the spectrum, 

the symmetry of molecular arrangement, the average molecular orienta-

tion, and the adsorption isotherm of the adsorbates can be deduced from 

the SHG measurements.13,14 In all the examples given, smooth fused 

quartz plates were used as the substrates. They generally give much 

weaker SH signals than the adsorbates. 

A. Spectroscopic Study of Molecular Adsorbates 

SHG from an adsorbed molecular layer should be resonantly enhanced 

when either the fundamental or the second harmonic frequency coincides 

with an absorption band of the molecules. Thus, surface SHG with a tun-
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able laser can yield a resonant spectrum of the molecular adsorbates. 

We use here dye molecules adsorbed at an air/fused quartz interface as 

an example.13 

The sample was prepared by depositing half monolayer of dye mole-

cules on a quartz plate using either the spinning or the dipping tech-

nique. The experimental setup in Fig. 2 was then used to measure the 

SHG from the dye molecular layer. The resonant structure in SHG versus 

the laser frequency was expected to reflect the resonant transitions in 

the dye molecules. This is illustrated by the examples of Rhodamine 6G 

and Rhodamine 110 dyes in Fig. 5, where scanning of 2w over the s0 -+ s2 

electronic transition of the molecules yields the observed resonant 

peaks. Because of the slight difference in their molecular structures, 

the resonant peaks of the two dye molecules are shifted slightly from 

each other. The signal rise towards the low~frequency side indicates 

the appearance of another resonant peak as w approaches the s0 -+ s1 

transition. 

The SH signal from dye molecules was very strong. With a pump laser 

energy of 1 mJ in a pulsewidth of 5 nsec focused to a spot of 10-3 cm2, 

the observed signal from a half monolayer of Rhodamine 6G (N - 5 x 1013; 

cm2) was - 104 photons/pulse on resonance, corresponding to a nonlinear 

susceptibility xC2) - 7 x 1o-29 esu/molecule. Such a large nonlinear 

susceptibility was the combined effort of the resonance of 2w with the 

So-+ S2 transition, the near resonance of w with the So-+ S1 transition, 

and the large dipole moments of the transitions involved. In fact, in 

one type of coumarine dye molecules, one can find both wand 2w simul-

taneously resonant with the s0 -+ s1 and s0 -+ S2 transitions, respective-
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ly. As a result, the SH signal from such molecules is - 103 times 

larger than that from Rhodamine 6G.25 

The discussion here shows that surface SHG can be used to do spec

troscopy on adsorbed moleculeso The method is, of course, not limited 

to adsorbates on insulator surfaces. One can use it, for example, to 

study the charge-transfer band created by adsorption of molecules on me

tals. So far, with tunable dye lasers, only the electronic transitions· 

of adsorbates can be probed. In surface science, vibrational spectros

copy of adsorbates is of tantamount importance since the spectra allow 

one to deduce the molecule-substrate interaction.26 One would think 

that this could be achieved by surface SHG using a tunable infrared 

laser. However, infrared detectors are gener-ally much less sensitive 

than photomultipliers in the visible, so that infr-ared SHG is not likely 

to have the necessary sensitivity to study submonolayer adsorbates. It 

is, however, possible to use yet another second-order process, sum

frequency generation, instead of SHG for vibrational spectroscopy. In 

this case, a tunable infrared laser is used to probe the vibrational 

transitions of the adsorbates, and the resonant spectrum can be up-con

verted to the visible by sum-frequency generation using a visible laser. 

A preliminary experiment shows that this is indeed a viable method.27 

B. Probing of Symmetry of Molecular Arrangement 

SHG generated from a layer of adsorbates could be used to probe the 

symmetry of the molecular arrangement in that layer. This is based on 

the idea that the structural symmetry may be reflected by the azimuthal 

variation of SHG as the sample rotates about its surface normal. Simple 

calculation can show that a molecular arrangement with C4 or higher rota-
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tional symmetry should yield an SH signal with isotropic azimuthal vari-

ation, but those with lower symmetry should give rise to a corresponding 

rotational symmetry in the azimuthal variation of the SH signal. 

The above discussion actually assumes that the adsorbed molecules 

are correlated by chemical or/and electromagnetic interaction. Other-
... 

wise, we would have the surface nonlinear susceptibility given by x&2) 

... Ns<~(2) with <~(2) being the average nonlinear polarizability of in

dividual adsorbed molecules and Ns the surface density of the adsor

bates. The symmetry of x&2) which is exhibited by the symmetry in SHG 
... 

would then reflect only the symmetry of <a>(2) for individual molecules 

instead of that for the molecular arrangement. 

Measurements of SHG as a function of rotation about the surface nor-

mal have been carried out for dye molecules and p-nitrobenzoic acid 

, molecules adsorbed on fused quartz.13,14 In these cases, the signal was 

found to be independent of the rotation. This suggested several possi-

bilities: (1) molecules were randomly distributed, and also randomly or-

iented with respect to the azimuthal angle <jl; (2) molecules formed a 

surface lattice, but they were uncorrelated and randomly oriented with 

respect to <jl; (3) correlated molecules formed a surface lattice with c4 

or higher rotational symmetry, but they were randomly oriented with re-

spect to <jl. We believe that the first possibility is most likely, since 

on an amorphous substrate, molecules would form a lattice only through 

correlation, and then, correlation should also forbid a random orienta-

tion of the molecules with respect to <jl. 

In general, if the molecular adsorbates do form a surface lattice, 

we expect that their orientations are also well defined. It is then 

,, 

''.': ",,~ 
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possible that through the SHG measurement with the sample rotating about 

its surface normal and with different combinations of beam polariza-

tions, we can obtain information both on the symmetry of the lattice and 

on the molecular orientation. Thus, we have a means to study, for ex-

ample, how the molecular orientation varies as a two-dimensional molecu-

lar layer changes from a liquid to a solid phase. 

C. Probing of Molecular Orientations of Adsorbates 

Surface SHG with various polarization combinations can be used to 

deduce information about orientations of molecular adsorbates in some 

cases.14 The basic underlying principle is fairly simple. The macro-

scopic nonlinear susceptibility is related to the microscopic nonlinear 

polarizability of the molecules by a coordinate transformation which de-

pends on the molecular orientation. In the simple case where interac-

tion bet.,.een molecules is negligible, we have 

( 1 3) 

H 
.-Enr; 

ere, Gljk is the geometric factor specified by the transformation from 

the molecular coordinates (~,n,l;) to the lab coordinates (i,j,k), a, ~. 

~ are the Euler angles describing the molecular orientation, the subin-

dex A denotes the different molecules, and the angular brackets indicate 

an average over all the molecules. It is seen from Eq. (13) that if 

a~~2's are known and xfJ~'s can be measured, then <cr1~<a.~.~)> can 

be obtained, from which a weighted average orientation of the molecules 

' J 
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can be deduced. Unfortunately, for a given molecular species, only very 

limited information about a~~~ is usually available. Thus, only in spe

cial cases can we use the technique to really measure the orientation of 

adsorbates. This happens, for example, when a~l! along a certain direc

tion~ dominates over all the other elements of ~(2). 

We consider here the orientational measurement on p-nitrobenzoic 

acid (PNBA) molecules adsorbed on fused quartz. 1~ It is known that PNBA 

is adsorbed with the co2 ·end attached to the quartz surface, as shown in 

* Fig. 6. The nonlinear polarizability a(2) of PNBA in this case is not 

expected to be much affected by the adsorption. The c2v symmetry of 

* PNBA leads to .the following nonvanishing elements of a(2): a~?i'z', 

(?) <?> (?) (?) <?> <?> az x'x'• az y'y'• ax z'x' =ax x'z'• ay z'y' = ay y'z'• ~ 

where x' - z' describes the molecular plane with z' along the long mo-

lecular axis, and 9' is normal to the molecular plane. For molecules 

like PNBA having delocalized electrons around the ring, transition dipole 

moments perpendicular to the molecular plane are generally much smaller 

than the in-plane moments. Also, the transition moments along x' are 

generally smaller than those along z'. Theoretical calculations show 

that a~?i'z' is one order of magnitude larger than a~?f'x' and 

a~?~'x'• and is three orders of magnitude larger than a~?f'y' and 

(?) 28 
a.Z Y'Y' • In the first-order approximation, therefore, we can assume 

a~?f'z' to be the only nonvanishing element. Under this approximation, 

the PNBA molecule is treated as a long rod along z', and we like to 

find the orientation of this rod from the polarization dependence of SHG. 

In the experiment, the observed SHG from adsorbed PNBA was indepen

dent of the sample rotation about the surface norma1.1~ This indicated 
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that the molecules were randomly oriented with respect to the azimuthal 

angle ~- We only had to measure the angle e between the molecular axis 

z' and the surface normal 2. For an isotropic surface layer, the non-

* 
vanishing elements of x~2) are x£:fzz• x£:fxx • x£~~YY' and 

x£:~zx • x£:~zy• and the_ relations between ~£2) and ~(2) in the 

absence of intermolecular interaction are 

(2) I 2 (?) xs,zxx • 1 2 Ns<cose sin e>az~z'z' 

(2) 2 <?> xs,xzx • 1/2 Ns<cose sin e>az z'z'· (14) 

The above equations then show that measurement of the ratio of x£:~zz 

to x£:fxx or the ratio of their linear combinations can yield a 

weighted average of e. 

Experimentally, the following ratio 

.. <cose>l<cose sin2e> ( 15) 

can be easily measured by a polarization null method. 14 The value of R 

obtained by a 0.532 ~m laser excitation for 1/4 monolayer of PNBA (Ns ~ 

1.5 x 1Q14;cm2) adsorbed at an air/fused quartz interface was 2.3. To 

find the average orientation angle, we must know the orientational dis-
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tribution. This information is unfortunately difficult to obtain. If 

we assume all molecules had the same a, then from Eq. (15), we would 

have e 3 70°e If we assume a Lorentzian distribution with a 10° FWHM 

spread, then the center of the distribution would lie at 76°. The same 

measurement carried out with l/2 monolayer of PNBA at an ethanol 

liquid/fused quartz interface gave R ~ 5.5, which yielded a = 36° for a 

a-function distribution or e ~ 34° at the center of a 10° Lorentzian 

distribution. The difference in the orientations of PNBA molecules at 

air/quartz and ethanol/quartz interfaces is easily understood from the 

interaction of the molecules with their surroundings. The interaction 

between PNBA and the silica would favor a flat orientation of the 

molecules on the substrate, but in ethanol, the dielectric effect of the 

solution and the interaction between the N02 group of PNBA and ethanol 

would like to tilt the molecules more towards the normal. 

To check the validity of the technique, we note that the orientation 

of molecules is certainly independent of the laser frequency we use to 

do the measurements. Therefore, if measurements with different laser 

frequencies yield the same orientation angle, the result should be reli-

able. Indeed, at three different laser wavelengths 1.06, 0.683, and 

0.532 ~m, we found, assuming a a-function distribution, e = 38°, 43°, 

and 37° (± 3°), respectively. The result here also indicates that the 

local-field effect on the determination of orientations is not signifi-

cant. If the local-field correction is important, Eq. (14) will have to 

be replaced by 
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( 16) 

where L1 and ~I are the local-field correction factors for fields normal 

and parallel to the surface plane, respectively. The ratio R define in 

Eq. (15) will then depend on the L's. Because the local field is a 

function of frequency, R must also vary with frequency. This is part!-

cularly true if the frequency scans over resonances. In the above-men-

tioned experiment, the second har:nonic of the 0.532-J.Illl laser excitation 

was resonant with the A1 ~ A1 transition of the PNBA molecules, while 

that of the 1.06 llm excitation was not. The fact that the measured R 

and the deduced orientation angle a did not seem to have significant de-

pendence on the laser frequency was therefore an indication that the 
l 

local-field effect was not important. The result here is actually sup-

ported by a theoretical estimate of the local-field correction based on 

a point-dipole model, 19 which shows Lll - 1 and L1 - [1 + (1/4)cos2a]-1 

at Ns • 2 x 1o1 4fcm2. 

If the adsorbed molecules cannot be treated as rod-like, the deter-

mination of molecular orientation becomes much more complicated. The 

case of rhodamine dye molecules on fused quartz is an example. 13 The 

fact that SHG from the adsorbed layer was observed readily indicates 

that the molecules are not likely to lie flat on the substrate. How-

aver, to find the orientation of the molecular plane, we must refer to 

two possible models, one with the two amino groups attached to the sur-
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face and the other with the acid group and one of the amino groups bound 

to the surface. The polarization measurement of SHG was only consistent 

with the latter model and suggested that the molecular· plane was canted 

at 34° away from the surface normal. That adsorbed dye molecules are 

canted with the acid (carboxyphenil) group responsible for adsorption 

has also been confirmed by the orientation measurements on a group of 

selected xanthene dyes.29 

D. Measurement of an Adsorption Isotherm for Adsorbates at a 

Liquid/Solid Interface 

The adsorption isotherm for molecular adsorption at a liquid/solid 

interface is defined as the surface density of the adsorbates as a func-

tion of the adsorbate concentration in 11 quid. It is most useful for 

describing the characteristics of adsorption in equilibrium. One would 

therefore 11 ke to be able to measure directly such an isotherm. This 

can be achieved by surface SHG if the local-field corr-ection is neg11-

gible. 

Without the local-field correction, the SH field generated by the Ns 

adsorbed molecules/cm2 is proportional to x£2) • Ns<a(2)>. By measur-

ing the SH output as a function of the adsorbate concentration p, we 

should then be able to deduce the adsorption isotherm Ns versus p. In 

practice, however, SHG from the bulk liquid and solid constituting the 

interface may not be negligible, especially when Ns is small. The ob

served SH signal should then very with Ns as 

( 17) 
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where the A and B ·parts refer to contributions from the background and 

the adsorbed molecules, .respectively. We then have 

N5 .. !AI { [-5- - 1 + cos2~ ]1 /2 - cos~} 
B IAI2 

( 18) 

with B/A .. jBIAjexp(i~). Since IAI2 and ~ can be separately determined, 

the measured signal S allows us to deduce Ng; the proportional constant 

IA!Bj in Eq. (18) can be calibrated against the saturated surface den-

sity. In this scheJDe, we have also implicitly assume~ that the orienta-

tion of the adsorbates does not very with surface density. If not, 

further correction must be made. 

We present in Fig. 7 the isotherm of PNBA adsorption from ethanolic 

solution to fused quartz measured by the above technique using a 

O. 532-lJ(Il laser excitation. 14 Within the experimental accuracy, the ori-

entation of ?NBA appeared to be independent of p. The isotherm has the 

general shape associated with Langmuir kinetics, increasing monotonical-

ly without kinks to a saturation level. As we expect, the low concen-
/ 

tration region more closely obeys the Langmuir equation 

NsfNo • pi(~ + p) (, 9) 

which is based on. the assumption that the adsorption of molecules to 

' 
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empty sites is independent of the molecules already present on the sur-

face. Here, No is the saturation surface density and " ,. 55exp(- 6G/RT) 

., with 6G being the free energy of adsorption, R the gas constant, and T 

the temperature. Fitting the first few data points in Fig. 7 to Eq. 

(19) yields 6G a 8 KCal/mole for the adsorption of PNBA from ethanol to 

fused quartz. 

VI. STUDY OF SEMICONDUCTOR SURFACES 

Since the surface specificity of SHG relies on the inversion symme-

try of the bulk media, surface SHG as a surface tool is only applicable 

to the centrosymmetric semiconductors such as Si and Ge. As in the in-

sulator case, we can use surface SHG to study molecular adsorption on 

the surfaces of such semiconductors. Horeover, the method is also ap-

plicable to the study of bare semiconductor surfaces. This is particu-

larly interesting because of the possibility of using the technique to 

investigate surface annealing and surface reconstruction. However~ al-

though SHG is forbidden in the bulk, it is not strictly zero owing to 

the nonvanishing electric-quadrupole and magnetic-dipole contribution. 

To study surfaces by SHG, we must be able to distinguish the surface SHG 

signal against the background signal from the bulk. This is obviously 

more difficult than in the absorbate case where the background signal 

comes from the substrate and the surface coverage of absorbates is vari-

able. By proper polarization arrangements, the anisotropic part of the 

surface and bulk contribu~ions can actually be determined separately.15 

A. Surface versus Bulk Contribution in SHG from Si Surfaces 

We discuss here the measurements that allow us to compare surface 
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and bulk contributions to SHG, using Si· as an example. As stated in Eq. 

( 2), the eff'ecti ve nonlinear polarization for surface SHG consists of a 

surface term and a bulk term. For a cubic medium under the excitation. 

of a single plane wave, the bulk nonlinear polarization has the form 

( 20) 

where .!'s are taken along the [100] axes. In Eq. (20), Y describes the 

isotropic contribution and t the anisotropic contribution. The form of 

the surface nonlinear polarization "P£2) ... ~£2) :EE depends on the sur

face chosen. For the (100) surface, it is identical to that for the 

isotropic case with x~~~zz• (2) . {2) (2) 
XS,zxx = XS,zyy• and XS,xzx 3 

(2) XS,yzy being the only nonvanishing elements of ~£2 >. For the (111) 

surface, the 3m symmetry allows ad.ditional elements x(2) ==- x(2) 
S,E;E;; S,t;nn 

=-- x£~~~n to contribute~· Here, ~ is along the projection of a (100) 

axis on the surface and n is 90° from ~ in the surface plane. It can 

then be shown that the surface SH signal S has the following functional 

dependence on the angle of rotation of the sample about its surface nor-

mal 

S • lA + Bf(~)~2 ( 21 ) 

where ~ is the angle between the lab x-axis and a chosen [100] crystal 

axis in the surface or its projection on the surface. 

The detailed expressions of S for the various surfaces can be ob-

tained from Eqs. (3) and (6).27 Their characteristic features, however, 
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can be easily derived from simple physical reasoning. (1) f(w) 

should reflect the structural symmetry: it exhibits a 3-fold symmetry 

for the (111) surface and a 4-fold symmetry for the (100) surface. (2) 

A and B are constants depending on the surface chosen and the input and 

output beam polarizations and directions. A represents the isotropic 

contribution and is a linear combination of the isotropic elements of 

x£:~ff defined by ?£:~ff 2 ;£:~ff:i<w>i<w>, or more correctly, 

a linear combination of x£:fzz- .y, x£:fxx - Y, x£:~zx• ~. and 

The B term describes the anisotropic contribution, and there-

fore, the constant B is a linear combination of only the anisotropic. 

susceptibility elements x£:J~~ and~. (3) Since the (yxx), (yxz), 

(yzz) elements of the isotropic x£:~ff are all zero, we have A = 0 if 

the laser input is p-polarized (in the ~-z plane) and the SH output is 

s-polarized. (4) For the (100) surface, x£:2F;.F;. does not contribute to 

S, and B depends only on ~. From the above description, it can be seen 

that by using various combinations of input and output polarizations, one 

should be able to deduce from the measurements of SHG the nonlinear sus-

ceptibility elements x£:Jzz - Y, x£:Jxx - Y, x£:~zx• ~. and 

(2) 
xs,F;.~F;.· They are generally complex quantities; their phase factors 

can be determined separately by measuring the phases of the SH outputs. 

The measurements have actually been carried out on silicon.15 The 

samples were etched and polished by Syton, and exposed to air during the 

measurements. It was expected that a thin layer of silicon oxide might 

exist on the surfaces, but it should_be amorphous and its nonlinearity 

small. Part of the experimental results of SHG as a function of 111 ob-

·tained by a 0.532 ~m p-polarized pump laser from the (111) surface are 
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shown in Fig. 8 as an example •. In Fig. 8a, the SH output is s-polar-

ized; hence,. A • 0 in Eq. (21), and the 3-fold rotational symmetry re-

fleeted in f(ljl) appears as a 6-fold symmetry in S. In Fig. 8b, the out

put is p-polarized. With a 45° incident angle, it happens that A m 8 in 

Eq. (21). Consequently, S exhibits a 3-fold symmetry with only three 

peaks. As seen in the figure, the experimental curve can be fit very 

well by theory, and therefore, the determination of the nonlinear sus-

ceptibility elements can be quite accurate. By measuring the p-polar-

ized and §-polarized SH outputs for both p- and §-polarized inputs, 

and in addition, the §-polarized output for an input with mixed polar-

ization, we whould have sufficient measurements to determine all the 

five nonvanishing elements. The results are27 

x£~~xx - y - 3.1~'exp(- i50°) 

where 1;' • [w/c(k 2z + k5 z)]1; • 0.138c;exp{- 135.6°) is the effective sur

face nonlinear susceptibility arising from the bulk nonlinear optical 

constant r;. 

The above result shows that lx£:~xx - Yl - lx£:~zxl. Since we 

expect from Kleinman's rule that lx£:~xxl - lx£~~zxl• we can con-
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elude that Y is at most of the same order as lx£:fxxl. Thus, we have 

for the surface nonlinear susceptibility elements, lx£;izzl > 

I x~:1xx I,· I x£:~zx I > I xs:~~~ I~. This can be understood from the 

fact that the surface layer has much higher asy~~etry in the surface 

normal (z) direction than in the surface plane. Although the anisotro

pic element x£:2~~ is relatively small, it can still contribute as 

·.much as x£:izz to the SH radiation. The higher efficiency of x£:~~~ 

comes from the larger Fresnel factor for the fields parallel to the 

surface. In comparison with the bulk anisotropic contribution, the 

surface term also dominates because of the higher radiation efficiency 

even though lx£:2~~~ - I~' 1. 
We should remark that the above experiment was carried out on sample 

surfaces exposed to air. Consequently, the surface layer should include 

an amorphous silicon oxide overlayer. However, a separate experiment 

had shown that SHG from fused silica is at least t~o orders of magnitude 

weaker than the one from a Si surface. Thus, the contribution of the 

silica overlayer to the overall SHG from Si should be negligible. The 

Si02/Si interface is certainly different from the vacuum/Si interface.· 

for a bare Si surface. As we shall see later, the oxide layer actually 

decreases the SH signal from Si.30 

B. ?robing Phase Transitions on Semiconductor Surfaces 

We have seen that SHG as a function of sample rotation ~ about the 

surface normal can reflect the structural symmetry of a sample. If the 

contribution from the surface layer dominates in the SHG, then the me-

thod can be used to probe the structure sym:netry of the surface layer. 

Shank et al.31 have actually employed the technique to study the dynamics 
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of laser-induced melting. A femptosecond laser pulse with sufficient 

energy for laser-induced melting was first impinged on a Si(111) sur-

face. Another femptosecond pulse with adjustable time delay was then 

used to generate SH from the irradiated surface. ~~en the surface was 

not yet melted. the SH signal exhibited a. 3-fold symmetry with respect 

to ~. After the surface was melted, the SH signal became isotropic in 

~. From such a measurement, they were able to conclude that it took -

psec for the Si(111) surface to melt when excited by a 90-fsec laser 

pulse of 0.2 mJ/cm2 at 6200 Using the same technique. Akhmanov et 

al. have investigated laser-induced melting of a GaAs surface.32 

More recently, Heinz et al. have used SHG to probe· the structural 

change of a bare Si s~"face.33 A freshly cleaved Si(111) surface in 

vacuum is known to reconstruct to form a 2 x 1 structure as seen by 

low-energy electron diffraction (LEED). After annealing. it is expected 

to change to a 7 x 7 structure. The 2 x 1 structure should yield a 2-

fold sy~~etry in the SHG as a function of ~. while the 7 x 7 structure 

should lead to an isotropic variation. This is indeed what was 

observed. The fact that SHG can distinguish different surface struc-

tures opens a new area of surface studies: Since SHG is a process with 

an instantaneous response. we can use it to study the dynamics of tran-

sition from one surface structure to another with a time resolution only 

limited by the laser pulsewidth. 

C. Monitoring Adsorbates on a Semiconductor Surface 

Atomic or molecular adsorption on Si and Ge can also be monitored by 

SHG. The sensitivity is quite high in the case of chemisorptiJn. It is 

known that dangling bonds exist on clean Si and Ge surfaces. Because of 
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asymmetry, these bonds are highly nonlinear. As a result, SHG from bare 

S1 or Ge is daninated by the surface contribution. When adsorption 

quenches the dangling bonds, the surface nonlinearity should decrease 

accordingly. 

We consider here oxidation of a 51(111) surface as an example.30 

The experiment was carried out on a Si(111) wafer in an ultrahigh vacuum 

chamber. It contained - 1o15Jcm3 phosphorous impurities. The sample 

surface was cleaned by heating at 1000°C for. a few minutes. The appear

ance of a 7- x 7 LEED pattern was taken as a sign of nominal cleanliness. 

SHG from the Si surface was then measured with a 0.53 ~m laser excita-

tion. Soon after the surface was exposed to o2 , the SH signal de

creased. Figure 9 shows SHG as a function of o2 exposure in Langmuir 

units (1 La 10-6 torr-sec). It is seen that at room temperature after 

~ 90L, the signal drops to a saturation level of - 55% of the initial 

value. This saturation is an indication of the completion of a monolay

er of O-atom coverage. Indeed, previous studies have established that 

at room temperature, 02 chemisorbs to Si(111) and forms a monolayer at 

- 100L.34 Thus, the result clearly depicts the submonolayer sensitivity 

of SHG for detecting oxygen adsorption. 

At high temperatures, oxygen adsorption can persist beyond one mono

layer to form multilayers of amorphous silicon oxides. However, since 

quenching of the dangling bonds is ~lready complete, and the additional 

oxide layer has much lower nonlinearity, adsorption beyond one monolayer 

is not expected to change the SH signal significantly. This is seen in 

Fig. 9. At 800°C, a ~ 30L of oxygen exposure, corresponding to - 1 mo

nolayer of oxygen coverage on Si(111) as calibrated by Auger spectroscopy 

-I 
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decreased the SH signal by - 55%. With l20L of exposure, the surface 

oxygen increased to 2 monolayer equivalents, but the signal changed only 

from - 55% to ~ 45%G Further increase of surface oxygen to 4 monolayer 

equivalents left the signal essentially unchanged. This clearly sug

gests that SHG is dominated by the first monolayer of chemisorbed. 

oxygen. 

We can also use SHG to monitor thermal desorption of oxygen from a 

Si surface. w"hen a Si surface with 2 monolayer equivalents of chemi

sorbed oxygen was kept at 800°C in UHV, the SH signal first increased 

rapidly to - 50%· of the clean value, corresponding to the desorption of · 

the first oxygen monolayer, and thereafter, increased 5 times more slow

ly to the full clean value, corresponding to the desorption of the last 

oxygen monolayer. This result is expected from the higher binding 

energy for the chemisorbed-oxygen that quenches a dangling bond. 

The SH signal from the nominally clean Si(111) surface ~as found to 

decrease as the temperature was raised. At 800°C it dropped to - 50% of 

the room-temperature value. This change cannot be explained by the tem

perature dependence of the optical properties of Si. The Auger spec

troscopy indicated that it was cor-related to the segregation of the 

phorsphous impurities to the surface at room temperature and their 

diffusion back into the bulk at high temperatures. This suggests that 

SHG would increase with the surface coverage of P. However, because the 

sample contained only 1015Jcm3 of P impurities, the surface coverage of 

P could not be more than 2% of a monolayer. If the SHG could indeed re

spond to such a small number of surface P atoms, it would be most inter

esting to see whether this is also true for other impurities in Si and Ge. 
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VII. STUDY OF ADSORBATES ON METAL SURFACES 

The.high electron density gradient at a metal surface often leads to 

a large surface nonlinearity. As a result, SHG from a metal surface is 

generally much stronger than that from an insulator surface. Atomic or 

molecular adsorption may modify the surface electron distribution and 

change the surface nonlinearity. Alternatively, the adsorbates 

themselves may contribute significantly to the surface nonlinearity. In 

either case, the change· in the SH signal can be used to monitor the pre

sence of adsorbates and therefore, as a means to study the adsorbates. 

We have already seen in Sec. IV that the adsorption of Ct and 

pyridine on an Ag electrode in an electrolytic solution can be detected 

by SHG. In both cases, the SH signal increases with the surface cover

age of adsorbates. It is not yet understood why this is so. Clearly, 

results of SHG from ,the same adsorbates on a well-characterized Ag sur

face, namely, a crystalline Ag surface in UHV, will be very helpful. 

Unfortunately, this has not yet been done. Here, we shall discuss in

stead the case of atomic and molecular adsorption on a transition metal 

surface, Rh(111), studied by SHGo16 

Transition metals are important in surface science because of their 

functions in catalytical reactions. 

CO, and alkali metals on Rh(111). 

We consider here adsorption of o2 , 

They are related to the catalytical 

reaction of hydrocarbon formation and oxidation, and have been studied 

to some extent by other techniques. They can therefore be used to gauge 

the potential of SHG as a UHV surface probe. 

The experiment was conducted on a Rh(111) sample situated in a UHV 

chamber that was equipped with LEED, Auger, and mass spectrometer probes. 

-~ ... : .. -
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The base pressure of the chamber was 2 x 10-10 torr. The sample surface 

was cleaned with cycles of Ar+ sputtering, heating at 200°C in 2 x lo-7 

torr of 02, annealing at 900°C in vacuum, and then flash-heating to 

1000°C. The cleanliness of the s·urface was checked by Auger spectres-

copy. Before an experiment, the sample was flash-heated to 1000°C again 

to remove co adsorbed from the background and C and 0 deposited by the 

dissociation of CO during the Auger probing. 

A. Adsorption of o2 and co on Rh(111) 

In F1go 10, we show how the SH signal from the Rh(111) surface at 

31 5 °K changes as a function of exposure to· o2• The s igna1 drops mono

tonously from the bare metal value to the final 12% level at - 1 • 8L of 

02• As a calibration of the oxygen surface coverage, it is known that a 

saturated oxygen overlayer leads to a 2 x 2 LEED pattern,35 which was 

observed at - 20L. Thus, the submonolayer sensitivity of SHG to the 

oxygen adsorption to Rh(111) is apparent. Since oxygen adsorbs to Rh in 

the atomic form,36 this result shows that SHG can be used to monitor ad-

sorption of atomic species on metals. 

The experimental data in Fig. 10 can be fit by a theoretical calcu-

lation based on a model assuming noninteracting adsorption sites. Fol-

lowing this assumption, the surface nonlinear susceptibility of Rh with 

adsorbates can be written as 

x£2> • A + Be/as ( 22) 

wher•e A is the bare metal contribution, 8 is a constant, a is the frac-

tional surface coverage of oxygen with respect to Rh surface at.oms, and 

.. ) 
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as is the saturation value of e. The adsorption rate should be governed 

by the Langmuir kinetics.36 If the desorption rate is negligible, as in 

the present case, we have 

de 
-= 
dt 

Kp( 1 - a/as) (23) 

where K is a constant accounting for the sticking coefficient, and p is 

the oxygen pressureo Equation (23) yields 

a= as[r- exp(- tept/as)]. (24) 

The SH signal is proportional to I x£2) 12, and therefore has the form 

( 25) 

Taking B/A and Klas as adjustable parameters, we can use Eq. (25) to fit 

the experimental data very well, as seen in Fig. 10. We find B/A = 

1.03 exp(i160°) and Klas ~ 0.93L. That the Langmuir kinetics indeed ap-

pears to describe the oxygen adsorption process confirms the earlier re-

sult of Yates et al. in their experiment using Auger spectroscopy as a 

probe.36 Our value 0.93L for Klas is in fair agreement with their value 

0.76L, considering the limited accuracy of the ion gauge used in the 

measurement of p. The constant K is related to the sticking coefficient 

(l by 

(26) 

·.,~ 
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where ns is the surface density of adsorption sites, R is the gas con

stant, T is the temperature, Mg is the molecular weight of the gas, and 

ng is the density of the gas. If the adsorbed 0 atoms form a 2 x 2 sa

turated overlayer,35 then e5 • 0~25 and the measured value of Kl9s 

yields a - 0.5. It is also possible that the adsorbed 0 atoms actually 

form 3 domains of 2.x 1 overlayers with e5 • 0.5;36 accordingly, the 

sticking coefficient wil~ be close to l. 

The SH signal also decreased rapidly upon adsorption of CO on 

Rh(111), as shown in Fig. 11a~ In this case, the (/3' x /3)R30° LEED 

pattern corresponding toe .. 1/3 appeared at 1.2L of CO and the split 

( 2 x 2 pat tern corresponding to e • e5 ... 314 appeared at - 11 L of o2• 35 We 

can then use the LEED patterns as the calibration points to convert the 

curve in Fig. 11b to SHG versus surface coverage of CO. The result ex

hibits a rather sudden change in the slope ate • 1/3. This suggests 

that the CO adsorption sites on Rh may be different for e < 1/3 and e > 

1/3. Actually, previous studies37 by electron energy loss spectroscopy 

have already established that CO adsorbs to Rh(111) on the top sites if 

a < 1/3, and on both top and bridge sites if a > 1/3. Assuming nonin

teracting adsorption sites, we can write the surface nonlinear suscepti-

bili ty as 

x£2> .. A + ae/es for e < 1/3 

• A + B/3e5 + cce - 1/3)/es for 113 ~ e ~ 3/4 (27) 

where A is the bare metal contribution, and 8 and C are constants charac-
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terizing the contributions from CO adsorbed at top and bridge sites, re-

spectively. With B/A and C/A taken as adjustable parameters; the ex

pression for the SH signal, S = lx£2)12 following Eq. (27), can describe 

the experimental data very well as seen in Fig. 11b. The result indi-

cates that SHG as. a surface probe can even be site-specific. 

One may ask why the SH signal from Rh( 111) should decrease. upon ad-

sorption of 02 or CO. This can be understood from the following reason

ing. The surface nonlinearity of a metal is often dominated by the de-

localized electrons at the surface. It is relatively high because of 

the high surface electron density and its strong gradient along thesur

face ·normal.38 Oxygen and CO are electron acceptors. Their adsorption 

on a metal surface would localize part of the delocalized electrons. As 

a result, the surface nonlinear! ty would decrease as long as the 

adsorbed species is less nonlinear than the metal surface. If this 

is true, we should anticipate an increase in the surface nonlinearity 

with the adsorption of electron donors on· a metal. Alkali atoms are known 

to be effective electron donors. It is therefore interesting to see how 

SHG varies with the adsorption of alkali atoms on Rh(111). 

B. Adsorption of Na, K, and Cs on Rh(111) 

Alakli atoms are also known as promoters for catalytical reactions.2 
L 

Their ability to improve the performance of catalysis on metal surfaces 

is directly related to electron donation. For example, in the case of 

CO on Rh, the back donation of electrons from the metal to the 2~* anti-

bonding orbital of CO weakens the CO bond. This is the basis of cataly-

tical reactions involving CO on Rh. The adsorption of alkali atoms on 

CO/Rh further enhances the back donation of electrons and promotes the 

. ;,_, 
~'. ' i<• 

j ., 
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catalytical reactions. 

We should expect the delocalized surface electron density on Rh(111) 

to increase upon adsorption of alkali atoms, and consequently, the sur

face SHG to increase. Indeed, as shown in Fig. 12, the observed SH 

signal from Rh(111) rises sharply when only a small fraction of a mono

layer of Na, K, or Cs appears on Rh. One monolayer here refers to the 

hexagonal close-packed structure monitored by LEED with e3 ~ 0.5 for Na 

and 9s • 0.35 for K and Cs. For 0.3 ~alas~ 2, the curves in Fig. 12 

show a rather complex behavior. In this region, the adsorbed alkali 

atoms are presumably neutral; they interact and gradually form a metal

lic f11m.39 The plasmon resonance frequency increases from one associ

ated with electron-enhanced transition metal surface to that of the pure 

·alkali metal surface. 40 The variation of the SH signals in Fig. 13 is 

believed to be due to the dispersive effect i;t the SHG as wp sweeps over 

the fundamental and second-harmonic frequencies~ .For e1e5 ~ 2, the SH 

signal from the alkali-metal-covered Rh(111) is essentially constant. 

This indicates that SHG is now dominated by the two surface monolayers 

of alkali metal. It is therefore another demonstration of the surface 

specificity of SHG. Since Cs is better than K, and K better than Na, as 

a free-electron metal, the SHG from the alkali metal surfaces is expect

ed to have the signal strength follow the same order. This is confirmed 

in Fig. 12. 

One may find it surprising that t~e SH output in Fig. 12 increases 

by 100 times when only 1/3 monolayer of alkali atoms is adsorbed to the 

Rh( 111) surface. The adsorbed alkali atoms could not have increased the 

surface electron density by 10 times. Therefo~e, the increase of the 
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surface nonlinearity must not result only from the change in the surface 

electron density. We believe that the adsorption of individual alkali 

atoms on Rh allows electrons to move quite freely between the atoms and 

the surface, and thus create a giant nonlinearity on the surface. 

C. Co-adsorption of CO and Na on Rh(111) 

As we already mentioned, the adsorption of CO on Rh(111) should be 

affected by the preadsorption of Na on the surface. This can also be 

monitored by surface SHG. Figure 13a shows how the SH signal varies 

with the CO exposure in the presence of 0.6 monolayer of· Na on Rh(111). 

In comparison with the curve in Fig. 11a for CO exposure of clean 

Rh( 111), we notice that the curve in Fig. 13a starts with a step and 

then drops more sharply. It suggests that there are three different 

adsorption sites for CO: the top site, the bridge site, and a site next 

to Na.41 These three sites should of course have different binding 

energies which can be estimated from the thermal desorption temperatures 

of the CO species. In the desorption experiment, the Rh( 111) surface 

was first covered by 0.6 monolayer of Na and then saturated by co. The 

sample was then heated up to effect the desorption of various species. 

Figure 13b describes how the SH signal varies with the surface tempera

ture. The curve shows that four different species seem to nave been de

sorbed in the process. This is seen more clearly by domparing the sig

nal levels of Figs. 13a and 13b at various points. The four species are 

CO at the top and bridge sites (desorbed between 200 and 400°C and be

tween 400 and 500°C), CO at sites next to Na (desorbed between 500 and 

600°C), and Na (desorbed between 600 and 800°C). Above 800°C, the 

Rh(111) surface appears to be clean. We should also remark that SHG here 



42 

responds to what is still left on the surface in a desorption process. 

It could therefore be a useful complement to the well known thermal de

sorption spectroscopy. 

The preadsorption of Na on Rh can block off the adsorption sites for 

co.41 This is most easily seen when the Rh(111) surface is first co

vered by a monolayer of Na and the SHG is then used to monitor the CO 

adsorption as a function of CO exposure. Figure 14 shows that even 

after 1000L exposure, the SH signal decreases by only 20%. In contrast, 

the SH signal in Fig. 11a drops to less than 40% after only 1L exposure 

of clean Rh(111) to co. The result is a clear demonstration that CO ad

sorption on Rh(111) is indeed effectively blocked by the preadsorption 

of Na. In another measurement, we found that a preadsorption of 1.3 

monolayer of Na on Rh(111) could completely block off the adsorption of 

CO as the SH signal became absolutely independent of the CO exposure. 

VIII. CONCLUDING REMARKS 

There are clearly many other surface science problems that can be 

studied by SHG. For example, one can use SHG to measure the orientation 

of surfectant molecules at air/liquid, liquid/liquid/ and air/solid in

terfaces,42 to probe two-dimensional orientational phase transitions, to 

study epitaxial growth and the formation of solid/solid interfaces, to 

monitor surface reactions, and so on. Evidence is mounting the SHG is 

indeed a powerful tool for surface studies. This is especially true 

considering the fact that few existing surface probes can be used for 

in-situ measurements on surfaces outside a vacuum chamber. 

Among the numerous advantages that surface SHG can offer, the most 
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attractive one is the time resolution, which, in principle, is limited 

only by the laser pulsewidth. With femptosecond laser pulses, we could 

now study changes on a surface with a femptosecond time resolution. 

This is most exciting because the method would allow us to investigate 

many interesting and important problems of surface dynamics. So far, 

limited by techniques, surface science research has not made much pro

gress in this important subarea •. Hopefully, surface SHG could modify 

the trend. 

The major disadvantage of SHG as a surface tool is the lack of spec

tral selectivity. As we discussed in Sec. VA, the technique can be used 

to probe the electronic transitions of molecular adsorbates. However, 

the spectral ~idths of trese transitions are often too broad to be use

ful in distinguishing different adsorbed species of similar structures. 

Extension of the technique to sum-frequency generation with a tunable 

infrared laser excitation is clearly the solution since the vibrational 

modes of the adsorbates can then be probed. Unfortunately, the tunabil

ity of medium-power pulsed lasers in the infrared is still quite 

limited. It is particularly difficult to achieve in the far-infrared 

range (> 10 ~m) where many molecular vibrational modes happen to be. 

The situation can hopefully be changed when the infrared free electron 

lasers become operative. 

Another difficulty of SHG as a surface tool is the lack of theoreti

cal understanding of the surface nonlinearity. It is not yet clear to 

us how the microscopic properties of various surfaces are related to 

their surface nonlinearities. Such an understanding would be most help

ful in making SHG more effective as a surface probe because we could then 



44 

use SHG to study, for example, how the surface electronic properties are 

changed even during the adsorption of atoms or molecules. This is un-

doubtedly a very challenging problem. Its solution would proably re-

quire a close collaboration between theory and experimento 
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FIGURE CAPTIONS 

Fig. 1 A three-layer system representing the interface between two 

bulk media. 

Figo 2 Experimental arrangement of second harmonic generation from a 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

surface. 

Second harmonic generation from-a smooth Ag surface (lower 

curve) and from a roughened Ag surface (upper curve) as a func-

tion of input laser power. The quadratic power dependence of 

the output on the input is characteristic of the second harmonic 

generation processo 

Current and diffuse second harmonic signal as functions of time 

during and after an electrolytic cycle. The voltages listed on 

the lower curve are the potential of the. Ag electrode with re-

speet to a saturated calomel electrode. 0. 05 M pyridine was 

added to the 0.1 M KC1 solution following the completion of the 

electrolytic cycle. 

Resonant second harmonic generation in rhodamine 110 and rhodamine 

6G. {a) Indicates the resonant process in the two dyes with energy 

levels corresponding to the absorption line centers for the mole-

cules dissolved in ethanol. (b) Shows the experimental SH spectra 

in the region of the s0 ~ s2 transition for submonolayers of 

the dye molecules adsorbed on fused silica. 

Structure of p-nitrobenzoic acid (PNBA) as a free molecule (a) and 

in its chemisorbed form (b). 

Isotherm for adsorption of PNBA on fused silica out of an ethanol 

solution. The results were deduced from the SH intensity under 

.. 
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s-polarized excitation at 532 run. 

Second harmonic radiation from a S1(111) surface versus angle of 

rotation about the surface normal for p-polarized input excita

tion and (a) §-polarized output, and (b) ~~polarized output. 

The dashed curves are theoretical fits to the experimental re

sults (solid curves) • 

Fig. 9 Second harmonic generation during oxidation of Si(111) surface 

at room Temperature (RT, ___) and at 800°C (--). 

Fig. 10 Second harmonic generation from Rh(111) ,during o2 exposure. 

___ , experimental result, ---, theoretical fit. 

Fig. 11 (a) Second harmonic generation from Rh(111) duri.ng CO exposure. 

LEED patterns were observed at the exposures noted. (b) Second 

harmonic generation from CO/Rh( 111) as a function of CO fractional 

co'lerage. Circles are experimental points and the solid curve is 

a theoretical fit. 

Fig. 12 Second harmonic genera~ion from Rh(111) versus surface coverage of 

Na, K, and Cs. The laser excitation was at 1.06 ~m. 

Fig. 13 Second harmonic generation from Rh(111) predeposited with 0.6 

monolayer of Na, (a) during CO exposure, and (b) during the thermal 

desorption process after the surface was exposed to ~ 15L of CO. 

Fig. 14 Second harmonic generation from Rh( 1 11) predeposi ted with 1 mono

layer of Na as the surface was exposed to CO. 
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