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ABSTRACT

Optical second harmonic generation (SHG) has been widely employed as a surface probe.
Applicatons of the technique to adsorption, desorption, surface diffusion, molecular orientation and
surface chemistry of adsorbed molecules are described as examples. Surface SHG and-sum frcqucncy
generation (SFG) for surface spectroscopic studies are also described.

I. INTRODUCTION

Although second harmonic generation ( SHG) was discovered soon after laser was invented, its use

as a surface probe was developed more rccently Since then, the téchnique has been employed to study a
variety of surface processes. For example, it has been used to study adsorption, desorption and surface
diffusion of adsorbates on well defined surfaces in ultrahigh vacuum. For molecules at air/liquid and
air/solid interfaces, it has been adopted to study molecular orientation and alignment of adsorbates. With .
tunable lasers, SHG and surface sum frequency generation (SFG) have been used for spectroscopic studlcs
of surface states and surface molecular vibrations.
' As a second-order nonlinear optical effect, SHG and SFG are forbidden under the electncdpole
approximation in a medium with inversion symmetry. At the surface or interface, the inversion symmetry is
broken and the processes become allowed. They are therefore highly surface-specific. Moreover, they have -
a submonolayer sensitivity and are extremely versatile as a surface probe. First, they are applicable to all
interfaces accessible to light. Second, they have inherently high spatial, temporal and spectral resolutions.
With ultrashort, tunable pulses, time-resolved surface spectroscopy and ultrafast surface dynamics can be
studied.

In this paper we shall discuss a few recent applications of surface SHG and SFG. Section I
- describes the probing of surface adsorption, desorption and surface diffusion of adsorbed molecules on
well defined surfaces using SHG. Section III discusses how surface molecular orientation and surface
chemistry can be investigated by SHG Section 1V illustrates the potenual of SHG and SFG for surface
SpECtroscopy studxes '

1. ADSORPTION, DESORPTION AND'DIFFUSION

Adsorption of atoms or molecules on surfaces is one of the most important basic processes in
surface science. SHG is capable of in situ - monitoring of the adsorption process. The signal comes from
three different contributions: the bare substrate, the adsorbates, and the interaction between the substrate
and adsorbates. In terms of the surface second-order susceptibility, we have
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where 6 is the surface coverage of the adsorbates. With atoms or small molecules as adsorbates, the



adsorbate contribution x (6) is usually negligible and the coverage dependence of x s )(6) is mamly

from the interacdon part % 12) (8).- If the adsorbate-substrate interaction can be u'eated locally and the

interaction between adsorbates is negligible, we can write, v
2 ,
@)= A + B, @)
with A and B being coverage-independent constants. This is the case for CO/Ni(111). Figure 1 shows the
SH signal as a function of CO exposure for in situ monitoring of CO adsorption on Ni(11 1_)2. As seen in
the figure, the result can be fit by the Langmuir kinetics with a time dependent coverage 9(t)=63(1 -e'Yt),
where Gs is the saturation coverage and ¥ is an adjustable parameter.
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Fig. 1 Second harmonic signal as a function of CO exposure Fig. 2 Second harmonic signal as a function of coverage
for CON;( 111) at 300K. The solid theoretcal curve derived with the plane of incidence parailel to [IIO] and a p- .
" from the simple Langmiur kinetics model is used to fit the infp-out polarization combination for CO’NI( 110).
experimental data (A)(afxu' Ref. 2). (After Ref. 3).
We have to point out that the linear dependence of x (9) on 9 is an exception rather than a rule
For most systems this simple relation may not hold. An example is given by Fig. 2 for CO/Ni(1 10)3. In
this case, the SHG measurement can still provide information on adsorption kinetics if SHG has been
calibrated against the coverage by other means. The technique is particularly useful for time-resolved in
situ monitoring of an adsorption process. _ »

SHG is ideal for measuring desorption kinetics if it is calibrated agamst coverage. It can be used to
monitor the residual adsorbate coverage in a number of desorption modes, namely, temperature o
programmed thermal desorptdon (TDS), laser-induced-thermal-desorption and isothermal desorption.

Although no particular advantage exists over normal TDS using a mass spectrometer, SHG is one of the
few methods that can be employed to probe laser-induced-thermai-desorption and isothermal desorption.
In a recent experiment, for example, Heinz eral used SHG to measure isothermal desorption of
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'H/Si(111) and H/Si(100)*. They found that the desorption of H from Si(111) is neither first order or

second order (Fig. 3), but a mixture of the two. In such an eXperiment, mass Spectroscopy for monitoring
desorption is often unsmtable because of difficulty to discriminate against background desorption from the

samplc holder.

: Surface diffusion of adsorbate is important for the understandm g of phenomena such as catalysis,
crystal growth, etc. It was recently demonstrated that SH diffraction from a monolayer grating can be a
viable method to probe surface diffusion. It has been used to study CO diffusion on Ni(111) and Ni(110)
surfaces. The scheme for the measurement is fairly straightforward. Two laser beams brought to overlap
and create an interference pattern on a surface preadsorbed with molecules. The spatially modulated laser
intensity is intense enough to desorb adsorbates and produce an adsorbate grating, which can be detected
by SH diffraction of a third beam from the grating. When the grating gets smeared out as a result of
surface diffusion, the diffraction 51gnal decays com:spondmgly and the surface diffusion coefficient can be

deduced. In the simplest case where x (6) is linear with O arid the diffusion coefficient is independent of

9, the diffraction signal from a grating of spacing s is given by

S(t)= Soexp(-BnZDt/sz). | : (3)

* From which the diffusion coefficient D can be detcrxmned A representanve set of SH diffraction data is

shown in Fig. 4 for CO diffusion on Ni(110) surface
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Fig. 3 Semilogarithmic plot of isothermal desorption of H, Fig. 4 Normalized first-order SH diffraction signal versus
from Si(111)7x7 at a surface temperature of 720K and an time at three different temperatures for CO diffusion along
initial coverage of 0.14ML. The results are compared with [IIO] of Ni(110) surface. The solid lines are single
best fits to simple first- and second-order kinetics and to an : exponential fits with Eq. (3) (After Ref. 3).

effective kinetic order of m=1.56. (After Ref. 4).

IIi. MOLECULAR ORIENTATION AND SURFACE CHEMISTRY

Surface SHG is apphcable to any interface accessible by light. In particular, it can be used to study

- surfaces in air. We consider two examples here. The first one concerns measurements of orientations of

adsorbed molecules on liquid or solid surfaces. The second one is a surface chemisty study of adsorbed
molecules on a water surface.



For lérge molecules on water or glass surfaces, the contributions to SHG from the substrate and the
interaction are much smaller than that from the molecules, The surface second order suscepnbxhty can be
written as . .

@. _ gng_ (2) | !
Xs iik IJ N <Gljk >a§TIC . (4) _ y

with a&'q)C being the molecular polarizability tensor elements, Gi?;‘g being a transformation from molecular

coordinates (§,1,) to the sampie coordinates .(i,j'k), and the brackets < > being an average over the

(2
molecular orientation. For rod-like rnolecules o @ is often dominated by a single component acc)g

along the long axis. If the adsorbates are distributed isotropically on a surface, the adsorbed monolayer

shouid have a C_ symmetry and the nonvanishing tensor elements of % é ) are

x(sz)zzz = Ns<cosse> a(CC)C ,

e

(2) @ (2) (2)

- _ 1 . 2 (2) ,

If the distribution has a Cl symmetry, the nonvanishing. elements are

(2
x(sz)zzz- N s<cosae> ocgcC ,
| 2
' x(szg(xx -N <s1n36>< cos ¢> a(CC)C
0] )] @ - . 2 2. (2)

Xs,zxx =Xsxxz —-xs xzx = Ng<c0s8 sin“6 ><cos“¢> Oreg

@ _.,0o _.@ _ . 2 .2 (2)
Xs,zyy = Xs,yyz = Xs,yzy Ns<cose sin“6>< sin“¢> e

2 2 2 (2
x(s ?,_xz = x(s )zzx x(s LZZ =-N <cosze sing>< cosd>. Orrr s

@ @ _.,@ _. 3 (2) | -
s xyy = Xs,yxy xs yyx N <sin“6>< sin ¢) cos¢> rr (6) |

where the x is the symmetry axis. Expenmentaliy, all these tensor elements can be determined by SHG \
with proper geometry and polarization combinations. Knowing these susceptibility elemems the molecular
orientation distribution can be deduced.
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Consider 8CB (Octa-cyanobiphenyl) monblayer on polyimide-coated substrate as an example.
Figure 5 shows the result of SHG as a function of azimuthal rotation angie ¢ for p-in/p-out, s-in/p-out, s-

in/s-out and p-in/s-out polarization combinations®. If the surface is unrubbed, the signal is azimuthal

) )] . _
s.2zz* X§.zxx €an be deduced from the data. Using Eq. (5) as Well as the

isotropic as expected. ¥,
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' Fig. 5 Square root of second harmonic signal (arbitrary unit) vs samplie rotation angie ¢ from an 8CB monolayer on rubbed and
unrubbed polyimide-coated substrates. Open squares are data from unrubbed substrate, filled circles are data from substrate rubbed

" under a hard pressure, and solid lines are the theoretical fits. The input-output polarization combinations are (a) p-in/p-out; (b) s-in/p-

out; (c) s-in/s-out; and (d) p-in/s-out. (After Ref. 5)

assumption of a d-function orientation distribution in q, we obtain q=72°. For the rubbed surface, the data.

clearly show the expected Civ symmetry','from,which the six independent x(sz)elements can be deduced.

We can then assume a molecular orientation distribution with the functional form

2

' (9'—90) 3 . .
f(8,0) = exp(-———) I d cos(ng). (7)
20 n=0 - i

With {7 known, Eq. (6) allows us to determine all the 6 coefficients in Eq. (7): 85=77%, 0=5
d1=0. 167, di=0.762, and d3=0.050, the latter four yield the enlongated azimuthal orientation distri-

\ 5

el



budon shown as Fig. 6 (solid line).
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Fig. 6 Azimuthal orientational distribution functions of an
8CB monoiayer on polyimide-coated substrates prepared with : )
different rubbing swrengths. The squares were for a sampie Fig. 7 Molecular structures of hemicyanine (HC) and
prepared with a rubbing strength R =1, the circies were nitrostilbene (NS) dyes. The arrows indicate the positions
for R =5, the open squares were for R =10y. The solid line corre- and the orders of protonation of the electron donor and
sponds to a sample rnubbed with Rs>>101 (see Ref. 5 for definition acceptor groups (After Ref. 6).

of rubbing strength). Inset: Schematic of preferred _
orientation of molecular monolayer described by the orientational
distribution function (After Ref. 5).

Surface SHG can be sensitive to a surface chemical process if the change affects the surface. -
nonlinearity. We consider here the case of protonation of molecular monolayer at the air/water interface.
Protonation of the two molecules in Fig. 7 are expected to have substantial effect on their second order
polarizabilities. In both molecules, nitrogen appears as the hetero atom in the substituent groups, i.e. the

amino, pyridine, and nitro group. There are 5 valence electrons per nitrogen atom in the 3 sp2 orbitals
parallel to the molecular plane and in the p, orbital perpendicular to the plane. Electrons in the initial p,

orbital are delocalized as the orbital overlaps with the n-electron orbitals of the aromatic hydrocarbons.
Depending on how the 5 electrons are distributed in these orbitals the nitrogen atom can play the role of
either an electron donor or an electron acceptor. A detail analysis shows that the pyridine group is a strong
electron acceptor and becomes even stronger upon protonation. The amino substituent, on the other hand,
is an electron donor and loses its electron donating ability upon protonation. The nitro group appears as a
significantly stronger electron acceptor than the pyridine nitrogen due to the stronger afﬁmty of oxygen than
both carbon and nitrogen.

For the hemicyanine (HC) molecule, protonation of the pyridine mtrogen enhance the electron
delocalization and increases the second order polarizability. However, protonation of the amino nitrogen
reduces the electron delocalization and decreases its second order polarizability. For nitrostilbene (NS)
molecule, similar behavior upon protonation of the amino group is expected. (‘}'

In the experiment, SHG from monolayers of HC and NS (diluted by steric ac1d) on water were

measured’. Protonation of the molecuies was varied by changmg the bulk pH value of the water. The (,,;
results are shown in Fig. 8. It is seen that the SH signal increases appreciably as the pyridine group of HC

gets protonated with decreasing pH value. At very low pH values, the amino group also gets protonated

and the SH si ignal decreases correspondm gly. For NS, the amino group is first protonated, and therefore
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the SH signal first decreases with decrease of bulk pH. From the méasured surface nonlinearity x(sz), itis

possible to deduced the proton concentration at the air/water interface and hence the surface pH value. -
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Fig. 8 Effective second-order pplaﬁzability_a(yzy)z vs the bulk pH Fig. 9 SFG spectrum of pure water/vapor interface at 40°C
for monolayers of hemicyanine (HC) and nitrosﬁlbene (NS) : with polarization combination s, s, and p for the sum- .
embedded in a stearic acid matrix with a dye/stearic acid molar . frequency, visible, and infrared beams, respectively. Solid
ratio of 1/15 and 1/6, respectively (After Ref. 6). _ line is a theoretical fit (After Ref. 7).

IV. SPECTROSCOPY OF SURFACE STATES AND SURFACE ADSORBATES

~ Surface SHG can be a viable Spectroscopy technique. In the visible-UV region, surface SHG has
been used to study surface states. The advantage is that it can also probe buried interfaces on which
photoemission spectroscopy is ineffective. The shortcoming is that it can only measure direct transitions.

Surface SFQG is ideal for surface vibrational studies. Comparing to other spectroscopy techniques,
it is also limited to measurements of direct transitions and is only sensitive to vibration modes that are both
Raman and infrared active. Its advaniage is the applicability to surfaces outside ultrahigh vacuum, its
reasonable signal-to-noise ratio over infrared spectroscopy, and its enormous potential for transient

- spectroscopy and selective probing of ultrafast surface dynamics. An example of unique applications of SF
surface vibrational spectroscopy is shown in Fig. 9, describing the OH stretch vibration of a pure water

surface’. The existence of a free OH peak at ~3700cm” ! indicates that the surface water fnolecules are polar
orientated. ' ' o

V. SUMMARY

In summary, we have briefly reviewed the possibility of using nonlinear optical techniques for
surface studies. A number of examples have been given to illustrate the potential of the techniques. The-

field is still young. Improvement, extension, and many new applications of the techniques can be
anticipated. ' ~
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