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ABSTRACT

Optical second-harmonic genmeration (SHG) is surface-specific and has
the sensitivity to detect submonolayers of molecules. It can be applied to
study molecular adssrbates at the interface between any two centrosymmetric
media. This has been demonstrated by using dye and p-nitrobenzoic acid
(PNBA) molecules adsorbed on smooth fused quartz substrates.as examples,
With resonant SHG, the S0 - 52 transition of the adsorbed dye molecules
was measured. From the polarization dependence of the SHG, the orientation
of PNB4 at both the air/quartz and the ethanol/quartz interfaces was de-

duced. By varying the concentration of PNBA in ethanol, an adsorption

isotherm for PNBA at the ethanol/quartz interfaces was also obtained.

*This work was supported by the Director, Office of Energy Research, Of-
fice of Basic Energy Sciences, Materilals Sciences Division of the U.S.
Department of Energy under Contract Number DE-ACO3-76SF00098.
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Laser applications to surface science have received little attention
in the past. Recently, however, a number of new discoveries have excited
increasing interest in this area. Through the processes of resonant fluor-
egcence and multiphoton ionization, lasers have been used to study mole-
cules scattered from a surface,1 thermally desorbed from a surface, and
catalytically produced from species adsorbed on a sutface.2 Through exci-
tation of molecules, they can also serve to induce molecular desorption?
to change the molecule-surface interaction, and to modify catalytical re-
actions.2 Then, with lasers as the excitation source, several new surface
probes have been developed. These include laser-induced desorption,3 sur-
face photoacoustic spectroscopy,4 and the nonlinear optical techniques of
Raman gain spectro::ccpy,5 surface coherent anti-Stokes Raman scattering,6
and surface second-harmonic generation.7 This paper will review the pre-
sent status of our development of second-harmonic generation (SHG) as a
probe of melecular adsorbates.

Nonlinear optical techniques in general are attractive because they
afford spectral resolution limited only by the laser linewidth and time
resolution (for dynamic studies) in the picosecond or subpicosecond domain.
As we shall see later, SHG, in particular, is appropriate for in-situ in-
vestigation of the interface between any two centrosymmetric media (pro-
vided one of them is transparent) and for measurement of the orientation
of molecular adsorbates at such an interface. These are characteristics
not commonly possessed by the conventional surface probes. They make SHG
a potentially useful technique for surface studies.

Any effective surface probe must discriminate against the bulk media

to discern the weaker surface signal. This is usually achieved by spectral



discrimination. For the scattering of low-energy electrons, it is the
limited penetration depth of the electrons into the bulk which gives rise
to the surface sensitivity. In the case of SHG, however, it is the dif-
ference of structural symmetries between the surface and the bulk that
allows the discrimination, although resonant SHG can also spectrally dis-
tinguish the surface from the bulk.

As an introduction to SHG, one can refer to the following simple pic-
ture. Consider an incoming laser beam with frequency w propagating in a
medium composed of a collection of molecules. Through the linear and non-
linear polarizabilities of the molecules, the laser field induces on each
molecule a dipole oscillating not only at frequency w, but also at the
harmonic frequencies. This system of oscillating dipoles then acts as an
antenna array radiating coherently at both the fundamental and the harmonic
frequencies. For SHG, we can usually write the induced dipole moment on

+(2)

the ith molecule as p(z)(Zw) =0 :E@)Ew), with a corresponding nonlin~

ear polarization of §(2)(2 ) = ﬁ% p(z)(z ) = x(z) E(w)E(m) for the system
i=1
2
In these expressions ziz) is the second-order polarizability, x( ) = z:o( )
is the second-order susceptibility, and N is the number of molecules per

unit volume. The resulting electric field at the second harmonic will then be

3(2)

proportional to P'7'(2u). From symmetry considerations, it is clear that

+(2)

for centrosymmetric molecules, a

=(2)

vanishes in the electric-dipole approx-
imation. Similarly, x vanishes if the system as a whole has inver-
sion symmetry. Thus, SHG is only allowed in a medium where non-centrosym-
metric molecules are arranged in a non-centrosymmetric way.

In a medium with inversion symmetry, the magnetic-~dipole contribution

to the nonlinear polarization could still lead to SHG in the bulk, but it



8 ) :
is generally very weak. At an interface, however, the surface atomic or

molecular layer is always non-centrosymmetric. Therefore, SHG from the
surface layer is certainly allowed. Its strength could be larger than or
at least comparable with that from the bulk. By the same token, SHG from
adsorbed molecules is also allowed. In many cases, the SH signal from
the adsorbed species can actually dominate over that from the substrate.
We can then use SHG as an effective probe to study the adsorbed species.7
The second~order nonlinearity of the adsorbed molecular layer can
arise (a) from an ordered orientation of asymmetric molecules (a(z) #*0)
and (b) from the molecule - substrate interaction. The latter generally
consists of two parts: the electromagnetic interaction, which can be ex-
pressed in terms of a microscopic local-field correction, and the chemical
interaction, which modifies the electronic charge distribution around the
adsorbed molecules. These interactions lead to an effective :(Z) for the
adsorbed molecules. Even if the molecules are centrosymmetric, the inter-
actions will break the inversion symmetry and yield a nonvanishing effec-

tive 3(2).

While the modification of 3(2) by the molecule-substrate inter-
action may be important in general, in this paper we shall consider only
the case where the intrinsic second-order nonlinearity of the molecules
dominates.

We can make a crude estimate of the second-order nonlinearity of an
asymmetric molecule using a simplified expression derived from the full
second-order pertvrbation calculation:8
o) ~%$;1 W
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Here <r> is effective radius of the molecule and Wy 1s the average tran-

sition frequency. With <r> ~ a3 L 25 A and by~ 107 erg, we find

30-10'28 esu. If the molecules are perfectly aligned to

[a¢®] ~ 5 x 107
form a monolayer, this would yield a surface nonlinear susceptibility
[xéz)[ = Nslo(z)[ ~10715 _ 2 x 10714 esu, where we have taken the sur-
face density of molecules to be NS -2 x 1014/cm2.

To estimate the SH output from such a layer of molecules, we refer to

the expression of Bloembergen and Pershang for SHG from a thin film. We

can then write a reduced formula for the SR radiation as

10_3
S(2w) = —3—2—“—;’—~ xéz)lz Iz(w)AT photons , 2)
he’le” (wye®(2w) ] pulse

assuming that the adsorbed molecules form a layer on a substrate of dielec-~
tric constant €, the laser intensity I{w) is iun ergs/cmz, the beam area A
is in cmz, and the laser pulse duration T is in sec. Here the angular and polari-
zation dependences have been omitted. For ]xéZ)[ ~ 10_15 esu, I(w) ~ 10
MH/cm2 at 1.06 ym, A~ 1 cmz, T ~ 10 nsec, and ¢ ~ 2.3, we find S{2uw) ~
lO3 photons/pulse, which should be readil: detectable. For molecules ad-
sorbed on a smooth substrate, the output 1s coherent and highly directional,
as dictated by the boundary conditions. This facilitates detection of the
signal because the coherent phase of the output can also be used to dis-
criminate against the background contribution from the substrate, and the
high directionality of the output allows spatial filtering to be used to
suppress luminescence and scattered radiation.

In the estimate above, we have neglected the molecule-substrate in-

teraction and a possible macroscopic local-field correction. The former



could lead to a larger effective la(z)[, while the latter could increase
the macroscopic field actually seen by the molecules. In fact, it has
been shown that on a rough silver surface, the macroscopic local field can
be enhanced by more than an order of magnitude through the local plasmon re-
sonances and the lightning rod effect.lo As a result, the surface SHG can
be enhanced by as much as four orders of magnitude.l1 This makes SHG from
molecules adsorbed on a rough Ag surface easily observable despite the
fact that the output is scattered in all directions. For example, even
with an input as weak as 0.2 mJ/0.2 cm2 in a 1l0-nsec pulse, the observed
SH output from a monolayer of pyridine on rough Ag can be ~ 106 photons/
pulse.12

An attractive feature of SHG as a surface probe is the simplicity of
the experimental setup. As shown in Fig. 1, all that is required is a me-
dium-power pulsed laser and a detection system with appropriate collection
optics and filtering elements. For spectroscopic studies, a tunable laser
is needed. Either the forward or backward SHG can be detected, as best
suits the actual experimental situation.

To illustrate that SHG can be used for spectroscopic studies of sub-
monolayers of adsorbates, we have investigated rhodamine dyes adsorbed on
fused quartz.7 Figure 2(a) shows that the So -+ 82 electronic transition
of the dye molecules can be reached by a two-photon excitation with a dve
laser. Resonant SHG from the molecules is then possible because the mole-
cules are non-centrosymmetric. By scanning the laser frequency around the
So -+ 82 transition, a resonant peak should be observed in the SH output
versus frequency. The samples of dye molecules adsorbed on smooth fused

quartz plates were prepared by the spinning technique. From the measured



optical density of the strong So »> S1 transition for a stack of samples,

13 dye molecules/cm2 was deduced,

an average surface coverage of ~ 5 x 10
which corresponds to roughly a half monolayer. In our experiment, dye
laser pulses of 1 m) energy, 10 nsec duration, and 1 cm-l linewidth were
focused to an area of ~ 10_3 cm2 on the sample. The reflected SH output
was found to consist of ~ 10“ photons/pulge at the resomant peak. The

SH output as a function of the SH wavelength is shown in ¥ig., 2(b). Two
kinds of dyes, rhodamine 6G and rhodamine 110, were studied. Their mole-
cular structures are different only in their substituents, as is reflected
in the relatively small shifts of their emergy levels. In Fig. 2(b), the
resonant SH peaks at the So - 52 transition frequencies for the two dyes
are clearly resolved. The signal here was a few orders of magnitude higher
than the background SHG from the bare quartz plate. This indicates that
SHG should have the sensitivity to measure the spectrum of much less than
1/10 of a monolayer of dye molecules.

While SHG can be a sensitive probe of surface spectroscopy, some so-
phisticated linear optical techniques may prove to be equally sensitive.
The real advantage of surface SH spectroscopy actually lies in its capa-
city for transient spectroscopic studies of surfaces. Since ultrashort
laser pulses can be used for SHG (with, in fact, the advantage of having a
higher output resulting from the higher peak laser power), a time resolu-
tion of better than a picosecond should be possible. Transient surface
spectroscopy with a submonolayer detection sensitivity and a subpicosecond
time resolution would certainly constitute a very exciting field of re-
search.

Surface SHG can also be used to deduce information about the orienta-



tion of the molecular adsorbates. The basic idea is quite simple. The

polarization properties of the SHG should depend on the tensorial charac-
0( )

and on the average molecular orientation. Thus, in those

=(2)

ter of x

cases where one has sufficient knowledge about o , one ghould be able

to obtain the average molecular orientation from the polarization measure-

(2) OB

ments of SHG. More explicitly, we have Xg related to o

N
@ . ( @)
(Xs )ijk 2, (o )ijk
n=]1
- Eng (2)
N<G (850,40, ), )
where <Gig;(e ¢,¥)> 1s the average coordinate transformation factor con-

necting the lab coordinates (i,j,k) to the coordinates (¢,n,z)} attached to

the molecules, and 6, $, and ¢ are the Euler angles describing the orien-
(2) .

1ik and a,nc, one can find

G’ng(e ¢»¥)> and, hence, some information about the average molecuiar ori-

tation of the molecules., KXnowing ( (2 ))

entation.

«(2)

The form of Xg itself also reflects the symmetry of the two-dimen-
sional arrangement of the adsorbed molecules. For example, for a distribution
isotropic with respect to directions in the plane, the only independent
nonvanishing elements of ;éz) are (xéZ))zii and (xéz))izi = (xéZ))iiz’ with

i1 =x, y, or z. The SH output should remain unchanged when the gample is
rotated about its surface normal, irrespective of the incident angle and
polarization.

In the case of rhodamine dye molecules on fused quartz, we indeed

found results consistent with an isotropic distribution of molecules on



the surface. The polarization dependence suggested that the molecules

did not lie flat on the surface, but had an orientation in which the mole~
-cular plane was perpendicular to the surface and the nearly symmetric axis
. was tilted from the surface normal by ~ 34°.7

In surface science, one would generally like to deal with structures

less complex than the dye molecules, In order to show that surface SHG
can also be applied to smaller adsorbates, while still avoiding the use of
a high vacuum system for sample preparation, we have chosen p-nitrobenzoic
acid (PNBA) on fused quartz as another test case. As indicated in Fig. 3,
the PNBA molecule has a fairly simple structure. According to a theoreti-

13 3(2)

cal estimate, of the molecule is dominated by the axilal component

(2)

,with along the principal molecular axis; the other more important

Yreg

nonvanishing elements aégg = aézé and aééé (with £ in the molecular plane)

are about one order of magnitude smaller than uéiz. As a first-order ap-
)

proximation, we can therefore assume uCCC is the only nonvanishing element
of :(2). This simplification is equivalent to the assumption that the wo-
lecule can be treated as a long rod. The orientation of the molecules on
a surface is then described by the single tilt angle © that the molecular

; axis makes with the surface normal. For an isotropic surface distribu-

9
2 are now related to a(“)

tion of PNBA, the nonvanishing elements of Xg et

via 8 by the following equations:

(2)) = 2) 3
(XS 222 Nsagcg<cos 6>

(XéZ))zii = (xéz))izi = %Nsaé§g<sin29 cosB> | %)
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where 1 = x, y is a direction in the plane of the substrate and z is the
direction of the surface normal. The factor % arises from averaging over
the azimuthal angle for the isotropic distribution. The above equation

leads to the ratio

(2) (2)
RS (XS )zzz (“S )zxx o _.2<c086> ()
(2) 2 ‘
(XS ) <sin © cosb>
b3514

If we make the simplifying assumption that all molecules have the same

tilt angle, then the above ratio becomes
2
R = 2/sin“@, (6)
By measuring R, the angle 6 is determined.

PNBA is belileved to be chsmisorbed on fused quartz through the symmetric

structure of the ionized acid group.l4 This modification, however, should

-
not change a(z) of the molecule very much because the major contribution
to :(2) comes from the distorted m-electron system of the benzene ring.

Consequently, it is reasonable to assume that the adsorbed PNBA molecules

*(2) . (2)
still preserve the syvmmetry that a is dominated by GCCC'
To find the ratio R in Eq. (5), it is genmerally not advisable to mea-

sure the different components of‘iéz) separately, as laser .lucturations are

likely to induce inaccuracies. This is particularly true when the surface
SKE output is very weak, in which case even the direct determination

2
of R from the ratio of the simultaneously measured components oqué )

by the saxme laser would not be very accurate. We present here a simple

scheme wnich allows us to infer R from a single polarization measurement,
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namely, from the null position of an output analyzer.
Let the incoming laser field be i(w). The SH output from the adsorbed

molecules will have s-and p-polarized components given respectively by

EP(Zw) = [A(Xéz))zzz + B(X§2))zxx + C(XéZ))xzx]Ez(w)
B2 = (7)), B ), @

where A, B, C, and D are coefficients depending on the incident angle and
polarization of the laser beam. If an analyzer is inserted in the output
path with its polarizing axis rotated by an angle 4 away from the direc-

tion of s polarizatiom, the SH field after the analyzer becomes

E(2w) = ES(Zw)cos¢ + Ep(2w)sin¢

= ASin¢[(xé2))zzz + b(XéZ))zxx - f(xé2)>xzx]E2(w)’ ®

where b = B/A and f = - (C + Dcot¢)/A, both of which depend on the input
polarization and geometry. We can, for example, set b = 2 by varying

the input polarizavion for a given input geometry. If we then rotate the
analyzer to ¢ = ¢ to null the output, we find, from E(2w) = 0 in Eq. (8),
that f becomes identical to R in Eq. (5). Since f is known from the given
input polarization and geometry and the measured nulling angle ¢°, the or-
ientational angle 6 is given by Eq. (6). The method described here has the
advantage of not relying on any intensity measurement, but <aly on finding

the polarization null angle. In general, the SH output may be elliptically
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polarized, in which case a polarizer-compensator set should be used as the
analyzer.

We have applied the above technique to the measurement of the orien-
tation of PNBA on a smonth fused quartz plate. A submonolayer of PNBA was
prepared by placing a known volume of a diluce solution of PNBA on the sub-
strate and allowing the solution to evaporate. In order to demonstrate
that the surface SHG technique 1is applicable to the study of adsorbed mole-
cules not only at air/solid interfaces, but also at interfaces between two
condensed media, we have measured the orlentation of PNBA adsorbed on
fused quartz both in air and in ethanol solution. The results are indicated
Table 1. Three different laser frequencies were used in the measurement
of PNBA at the ethanol/fused quartz interface. The 0.532-ym excitation
is in two-photon resonance with the first significant electronic trznsition
of PNBA. A strong dispersion is therefore expected in the SHG from PNBA.
However, if our technique of measuring the orientation of PNBA is indeed
valid, the measured value of 6 should certainly be independent of the ex-
citing laser frequency. As seen in Table 1, we have found that this is
the case within our experimental accuracy. The average orien;ation angle
of PNBA at the ethanol/fused quartz interface was measured to be 6 = 39°
+ 3° . The accuracy could probably be improved by careful control of the
stress-induced birefringence observed in our substrate. The same tech-
nique for PNBA adsorbed at an air/fused quartz interface yielded 6 = 70°
+ 3°. That the adsorbed molecules are tilted more towards the surface
normal in liquid than ;n air is probably due to the dielectric effect of
the liquid medium.

In the above discussion, we have neglected the effect of local fields

in
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on the determination of molecular orientation. The local fields here
arise fr.~ both the molecule-molecule interaction and the molecule-sub-
strate interaction. With the local-field correction, the relation between

+(2)

Xg and 3(2) becomes

( (2) 2y L

Xs )ijk = Nyl (@)L (@)>, ™

3
where the L's (assumed diagonal) are the local-field correction factors. Since
LiCZm) ¥+ Lj(w) * Lk(m), ignoring these factors could lead to an erroneous
determinationr of the molecular orientation. To see whether or not the
local-field correction is important, we can use a point dipole model to eval-

15

uate the L's. The molecule-molecule interaction 1ls described by the in-

duced dipole-induced dipole interaction and the molecule-substrate by the
dipole-image dipole interaction. It is found16 that for NS =2 x 1014
molecules/cm2 and a(l) = 10 A3, the local-field correction factors are

Lx = Ly ~ 1, and LZ = (1+ %cosze)-l, which is also not very different

from 1. Thus, in the case of PNBA on fused quartz, the local field should
not be important in the determination of the molecular orientation. This
conclusion is also supported by the experimental fact that the measurad
orientation angle 6 was independent of the exciting laser frequency. It

is expected that the local-field correction should have a strong dispersion
near resonance. If the effect of local fields were important in the deter-
mination of &, the results obtained with different laser frequencies would
certainly fail to agree.

With the capability of probing adsorbates at a liquid/solid inter-

face, we can measure the adsorption isotherm, i.e., the surface coverage



14

of adsorbed molecules in equilibrium with the molecules in solution. We
have made such a measurement for PNBA at the ethanol/fused quartz inter-
face. The results are given in Fig. 4. By fitting the data with a sim~
ple Langmuir equation for adsorption, we can deduce the change of free
energy in adsorption of PNBA on fused quartz from ethanol to be ~ 8 kcal/
mole.

In summary, we have shown that SHG can indeed be a potentially use-
ful probe for surface studies, in particular, for the investigation of mole-
cular adsorption at a variety of different interfaces. Several important
aspects of the technique are not yet well understood. For example, how
does the substrite contribution to SHG limit the sensitivity of the tech-
nigue and how will the local~field correction affect the results in the
case of high surface densities of small molecules adsorbed on metals or on
semiconductors.ln sufface science, the vibrational spectroscepy of molecu-~
lar adsorbates plays a most important role. Such information can be ob-
tained by means of resonant sum-frequency generation, w = wy + Wys with
wy tunable over the vibrational excitations. Again, this nonlinear opti-
cal technique has the advantages of being able to study adsorbates at in-
terfaces between any two centrosymmetric media (one of them being trans-
parent), to obtain spectra of adsorbates with very high spectral resolu-
tion, to investigate the dynamic properties of adsorbates with a time re-
solution better than a picosecond, and to determine, with the help of se-
lective excitation of a vibrational mode, the orientation of adsorbates.
The requirement of a tunable infrared laser could impede the advance of

the technique, but the problem may be solved by the development of infra-

red free electron lasers.
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1 = ( (2)) 8
X3 " Jxzx
1.06 pm 5.3 % .5 38° & 3°
683 nm 4.4 £ .5 42° * 3°
532 nm 5.5 .5 37° = 3°

Data for surface SHG by PNBA adsorbed on a fused quartz substrate. Exper-
imental values for the ratio R and the corresponding average adsorbate
orientation are listed for laser excitation at the three indicated pump

wvavelengths.
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FIGURE CAPTIONS

Fig. 1 Schematic representation of the experimental setup for a measure-

Fig. 2

Fig. 3

Fig. 4

ment of surface SHG. The radiation at the harmonic frequency 2uw
generated by the sample is isolated by filtering elements and
detected with a photomultiplier.

Resonant SHG in rhodamine 110 and rhodamine 6G. (a) indicates the
structures and energy levels of the two dyes, as well as the reson-
ant SHG process. (b) shows the experimental results for surface
SHG by the dye molecules adsorbed on fused quartz at submonolayer
coverages. The normalized second-harmonic intensity is given as

a function of the second-harmonic wavelength in the region of the
So -+ S2 transition.

Molecular structure of p-nitrobenzoic acid (PNBA). (a) describes
the free molecule and (b) the chemisorbed species.

Isotherm for the adsorption of PNBA on fused quartz out of an
ethanolic solution. The behavior for lower concentrations of
dissolved PNBA is shown in the inset. The data were obtained by

means of surface SHG with an s-polarized pump at 532 nm.
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