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Several experiments on surface second-harmonic generation are presented to show how the contribution from a
transparent substrate can interfere with that from an adsorbate monolayer. The interference depends on the
relative phase of the two contributions, which varies with the molecular orientation, the laser frequency, the
polarization, and the optical geometry.

INTRODUCTION
In recent years optical second-harmonic generation (SHG)
has developed into a useful probe of adsorbate molecules on
surfaces.",2 It has been applied to a wide variety of adsorbate-covered surfaces, ranging from single crystals under
ultrahigh vacuum conditions3'4 to liquids and amorphous
solids under ambient conditions.5-1" From these experiments it is possible to deduce concentration and orientation
of molecular adsorbates

5

as well as to observe desorption,

4

two-dimensional phase transitions,6 and chemical reactions7
of the adsorbed species. Furthermore, SHG from a monolayer of an adsorbate molecular species has been used for

measuring second-order nonlinear-optical coefficients of

molecules. 8' 9
The fact that SHG can be used as a surface probe for such
a wide variety of uses stems from the high surface selectivity

and specificity inherent in SHG. This is because, as a second-order process, SHG is forbidden under the electricdipole approximation in a medium with central symmetry,
but the symmetry is necessarily broken at a surface.'2 Consider, for example, SHG from reflection at an air-solid interface. The effective surface nonlinear polarization responsible for the SHG is given by' 3
p(2)

(2w) = (2):E(co)E(M.).

(1)

Here the effective surface nonlinear susceptibility x(2) actually consists of two terms: one from the symmetry-broken
surface layer and the other from the bulk of the solid. If the
bulk has an inversion symmetry, then its contribution to x(2)
can come only from the electric-quadrupole and magneticdipole parts and thus becomes comparable with, or less than,
the surface contribution.

In many cases it is even much

smaller than the surface contribution.
With a monolayer of adsorbates on the surface, the surface
nonlinear susceptibility can be written as
2 = X2 + X2)

(2)
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where X(2b denotes the effective surface nonlinear suscepti-

bility of the bare substrate in the absence of the adsorbates
and xa(WJ,
refers to the change of the surface susceptibility
resulting from the adsorption of the monolayer. Note that
here x(2J includes the contribution arising from the adsorbate-substrate

interaction.

In general, all x(2)'s are complex

quantities. Molecular adsorption can increase or decrease
the total susceptibility x(
For metals and semiconductors the adsorbates can drastically modify the surface states and surface optical transitions.14

The change in x(2) is usually difficult to analyze,

particularly if w and 2coare close to resonant transitions.
The case of molecular adsorbates on transparent insulators
is often much simpler. Here, if the substrate adsorption lies
well above both c and 2co, X(2)bcan be taken as real.

If the

absorption bands of the adsorbates are also well above and
2cx,then xaJs is also real.

The relative sign between X(2)band

x,(2sdepends on the orientation of the adsorbate molecules
on the substrate.
When c or 2 is scanned through an adsorbate resonance,
xa2dsbecomes complex, and thus x(2) should also vary accord-

ingly. In a normal experiment only the quantities Ix(2)1
and
Ixsubare determined. To find x, the relative phase factors
of x(2) and X(2)must be known.

They can be obtained by an

interference method developed by Chang et al.,' 5 by Tom et
al.,' 6 and by Kemnitz et al.' 7 The phase measurements are
particularly important in cases when x 2
(2) , even if we
care to know only xacl. For xas
Xub, we have the approximation
x2,| which was used to find x
in several
recent experiments. 8 -"1

In this paper we demonstrate, by using a number of examples, the importance of phases associated with the surface
nonlinear susceptibilities for adsorbates on transparent substrates. Destructive interference between X(2U)
and x(22,can
be observed for polar molecules of sufficiently low surface

densities adsorbed onto a substrate. We have verified that
xal changes from real to complex as the laser frequency
© 1989 Optical Society of America
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harmonic beams do not emerge from the prism collinearlyin
the TIR geometry, phase measurements were not attempted
in that geometry. In all measurements the fundamental was
a tunable dye laser, providing pulses of approximately 5-mJ
energy, 10-nsec duration, and 10-Hz repetition rate.
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Fig. 1. SHG from an adsorbate-covered

RESULTS AND DISCUSSION

substrate in (a) simple

reflection and (b) TIR geometries at air-glass interfaces. Wavevector conservation causes the fundamental and second-harmonic
beams to emerge collinearly in the simple reflection geometry but

not in the TIR geometry.

scans a two-photon resonance.

It is observed that a given

substrate-adsorbate system may exhibit destructive interference in one SHG geometry but not in another because of
the different Fresnel factors and dominant x(2) components
associated with the different geometries. All these examples suggest that, in deducing x^(' from the SHG measure-

ments and in using it to study molecular adsorbates, we must
be careful to subtract the substrate contribution from the
measured results properly.

Figure 2(a) shows how the second-harmonic

signal varies as

the 8B coverage on glass is increased. In this case the
simple reflection geometry [Fig. 1(a)] was used. The fundamental input at 750 nm was s polarized, and the secondharmonic output was p polarized, so the surface susceptibility component measured is [X(2)]zyy.The samples were prepared by dipping the glass substrates into progressively
more concentrated

solutions of 8CB for a sufficiently long

time to achieve equilibrium for surface adsorption. The
surface coverage of 8CB is expected to be linearly proportional to the concentration of 8CB in the solution because we
limited our measurements to the low-concentration limit.

(a)

EXPERIMENTAL
Substrates used in this study were either glass or fused-silica
slides and prisms that had been precleaned in an oxidizing
acid solution (e.g., sulfuric acid/hydrogen peroxide). The
molecules used as adsorbates

U)

z
w

were 4'-(n-octyl)-4-cyano-

biphenyl (8CB), 4-dimethylaminopyridine (DAP), and Rhodamine 110. Adsorption of different adsorbate surface densities was achieved by dipping a substrate into isopropyl
alcohol solutions of these molecules at various concentrations.
The setup for SHG experiments has been described elsewhere.9 1 8 Two types of measurement were performed. In

CD

zI

(I)

0

Z

--

one type SHG signals were measured directly by photon

10-

counting of the second-harmonic intensity in the light reflected from the sample. In the second type of experiment

1-
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(for measurements of relative phases),19 a crystalline quartz

plate on a translation stage is inserted into the setup immediately after reflection from the sample. In this case we
measure the interference in the SHG signals generated by
the sample and the quartz as the separation between them is
varied. This interference results from the different dispersions of the refractive indices at X and 2win air and appears
as a periodic pattern with a period
L = X/[2(n2 (, - n)],
where X is the fundamental

U)

uLJ
CD

(3)

U)

wavelength and ns,,is the refrac-

tive index in air at the frequency w. The relative phase
factor of the surface susceptibility is deduced from a comparison of this interference pattern with one generated by
using the same translatable quartz plate and either a reference (e.g., the bare substrate)
crystal of known chirality).17

or a standard
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(e.g., a quartz

Two different geometries were used for SHG experiments.
One geometry was the simple reflection geometry [Fig. 1(a)]
and the other was the total internal reflection (TIR) geometry [Fig. 1(b)]. Because the fundamental and the second-

Fig. 2.
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SHG intensities from two selected adsorbate-covered

sub-

strates as a function of concentration of adsorbate dipping solution
used. The curves are least-squares fits to Eq. (4). (a) 8CB on glass,

in simple reflection, with s-polarized 750-nm fundamental and ppolarized SHG output.

(b) DAP on fused silica, in TIR geometry,

with s-polarized 720-nmfundamental and p-polarized SHG output.
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that

[2)

]zyy of glass and [xa2s]zyy for 8B

on glass have

opposite signs. We also note that the two interference patterns conform to the expected (A + B sin 2rx/Lc)2 shape
with the correct value of the periodicity, L = 3.6 cm, as
predicted by Eq. (3).
To examine the change in phase of x(WSas the input laser
frequency is increased such that 2 falls within the adsorbate absorption band, we have determined the phase of xaU2

o GLASS ONLY
GLASS+8CB

F-

for Rhodamine 110 on glass at several wavelengths.

z
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surements were performed in simple reflection by using ppolarized fundamental input and p-polarized harmonic out-
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TRANSLATION OF QUARTZ PLATE
Fig. 3. Comparison of interferences obtained when a second harmonic is generated from both the sample (glass and 8CB-coated

glass) and a crystalline quartz plate mounted onto a translation
stage. The fundamental (700 nm) was s polarized, and the second
harmonic was p polarized in simple reflection. The dashed curves
are fits to the theoretical interference band shape y = [A + B
sin(27rx/L,)] 2 , where L = 3.6

0.1 cm, as given by Eq. (3).

expression
=

Ixsub - N#12 ,

magnitudes I 2 bI:lx(2)1,yields the relative phase of xa2(s,as
shown by Fig. 4.

The relative phase,

Im)

12)

(4)

of 8CB, and it is known that the 8B molecules adsorb on
glass with their polar heads pointing toward the glass.
[Note that our assignment taking X( 2 ) of glass as positive is
arbitrary; we have not performed an absolute calibration, as
described by Kemnitz et al.' 7 ]
We would expect that DAP molecules adsorbed onto fused
silica should yield similar results with and 2win the transparent region because they also have their polar heads pointing toward the substrate. This is indeed the case. We show
in Fig. 2(b) the results obtained with the TIR geometry [Fig.
1(b)] by using s-polarized input and p-polarized output.
Again the data are well described by Eq. (4).
To verify further that Xsub and xd. are opposite in sign
(1800 out of phase), we can measure the phases of x(2)with

and without adsorbate explicitly by using the interference
method mentioned above. Figure 3 shows the interference
patterns of the second-harmonic signal generated in simple
reflection from both the plain glass and the 8CB-covered
glass as a function of the position of the crystalline quartz
coverage here was chosen so as to yield a

second-harmonic signal that was approximately equal to
that of the plain glass. It is seen that the two patterns in Fig.
3 are exactly 1800 out of phase.

of xa(1
5 for Rhodamine 110 on

absorption band.

XS2)

where N is the molar concentration of 8CB in the solution
and both X(2b and fl are positive real quantities. The results
indicate that xalJ for 8CB on glass is real and negative, with
X 2 )b of glass taken to be positive. This is understandable
because both w and 2w are well below the absorption bands

The 8B

4ads)

glass at various wavelengths is given in Fig. 5. Off resonance
(X = 742 nm), A0ads = 0, increasing as expected to fads - r/
2 for X = 662 nm, when 2w coincides with the peak of an
Our studies of Rhodamine 110 on glass revealed a surpris-

As shown in Fig. 2(a), the data can be fitted by the simple

SH signal

The Rhodamine 110 surface coverage was chosen so as

to yield approximately four times the second-harmonic signal of plain glass. At all wavelengths interference patterns
were measured for both the plain glass and the Rhodaminecovered slide. In all cases satisfactory interference patterns,
displaying the correct periodicity as predicted by Eq. (3),
were obtained. From the interference patterns, the relative
phase of x(2) is obtained, which, together with the ratio of

I cm

plate.
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This confirms the result
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Fig. 4. Vectorial relations between
phases.
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Fig. 5. The relative phase, Aq\ads, for Rhodamine 110 on glass is
shown at various wavelengths. The effect of the second-harmonic

frequency's entering into resonance with the S-S 2 absorption is
shown by comparison with the absorption spectrum (measured in
isopropyl alcohol solution) of Rhodamine 110. The absorption beginning at s400 nm is the edge of the SO-S, transition.
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strate in TIR geometry with p-polarized fundamental input at 720
nm and p-polarized SHG output. The curve is the best fit to
expression (4).
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