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Measurement of the absolute phase of the surface second-harmonic light field with respect 10 the pump field, i.e. the phase of
the surface non-linear susceptibility, is deseribed. From such studies the absalute crientation of surface molecitles can he deter-
mined. In the present work the liquid/vapor interface of an aqueous phenol solition was investigated.

1. Introduction

The non-linear optical process of second-har-
monic generation (SHG) possesses an intrinsic sen-
sitivity to the asymmetry present at the interface
between two centrosymmetric media. This property,
arising from the fact that SHG 1s electric-dipole for-
bidden in the bulk [ 1], has permitted the technique
to be applied in a variety of studies of surfaces and
interfaces [2]. Among the systems that have been
explored in this way are molecules adsorbed on solid
surfaces [3-11], insoluble surfactant layers {12],
liquid-solid interfaces [13-17] and, in our recent
work, surface of liquids [18}. Valuable information
on interfacial properties has been obtained from the
measurements of the second-harmonic (SH) effi-
ciency, polarization dependence, and frequency
dependence. In the case of molecules at an interface,
for example, these data can be related to molecular
concentration [5,13], orientation [5] and spectros-
copy [4]. However, 1o date, no experiment has been
performed on the absolute phase of the elements of
the surface non-linear susceptibility tensor ¢4, i.e.
on the absolute phase of the SH electric fields with
respect to the pump radiation.

In this paper, we describe a procedure for such
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absolute phase measurements and develop a scheme
for inferring the absolute orientation of molecules at
an interface with respect to the directed surface nor-
mal. This new information about the sense of molec-
ular orientation, which cannot be obtained directly
from conventional linear optical spectroscopy, should
help to provide insight into the basic chemical inter-
actions at surfaces and interfaces. The principle of
the method can be understood simply. When the SH
radiation arises from the electric-dipole response of
an oriented layer of molecules, we can write the sur-
face non-linear susceptibility (neglecting local-field
effects [19]) as a sum of the non-linear polarizabil-
ities a‘?’ of the molecules:

X =N, (a® )

Here the sum over molecular polarizabilities has
been expressed as an average of the polarizability over
molecular orientations times the number of mole-
cules per unit area, N,. From the tensor properties of
the non-linear polarizability, we then see that per-
forming an inversion operation on the molecules will

! The surface non-inear susceptibility tensor x.*' relates the non-
linear source polarization per unit area in the surface 10 the
square of the electric field at the fundamentai frequency.
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lead to a change in sign of the non-linear susceptibil-
ity. More specifically, for an arrangement of mole-
cules isotropic in the surface plane, as one would find
for a liquid, a reflection through the surface plane will
cause the sign of the elements of 3{*’ to switch. Thus,
a comparison of the signs (or, more generally, phases)
of the elements of af*’ with the signs of x$*’ will pro-
vide information on the absolute sense of the molec-
ular orientation with respect to the directed surface
normal.

We illustrate the utility of the phase measurements
of x4*' in the case of a phenol molecular layer on the
surface of an aqueous solution. In earlier work [ 18}
we reporied on the average orientation of the princi-
pal molecular axis ( passing through the phenyl- oxy-
gen bond) with respect to the surface normal. From
the phase measurement, we can actually determine
the sense of this principal axis with respect to the sur-
face, namely, whether the phenyl-oxygen bond is
directed towards or away from the bulk water. As one
would anticipate for a hydrophilic moiety such as the
hydroxy group, we find from our measurements that
the phenyl-oxygen bond is directed towards the lig-
uid solution. In the following section, we discuss the
salient features of the phase measurement, both in
general and for the case of the agueous phenol solu-
tion. Subsequently, we present an analysis of the
phases of the elements of the non-linear susceptibil-
ity in terms of the absolute molecular orientation and
consider the implications for the phenol/water
system.

2. Measurement of the phase of the non-linear
susceptibility

2.1. Method of phase measurement

The scheme of the phase measurement, performed
in the reflection geometry, is illustrated in fig. 1. As
in the early studies on the phase of bulk non-linear
susceptibilities by Bloembergen and co-workers [20],
SH radiation is generated in a reference crystal by
the fundamental beam reflected from the surface.
After appropriate spectral filtering, we detect the
intensity corresponding to the sum of SH fields from
the sample and the non-linear reference. Informa-
tion on the phase of the SH field from the sample is
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Fig. 1. Experimental scheme for phase measurements. Q, refer-
ence quarz; P, analyzer; D, monochromator and detector assem-
bly. £' and E" are respectively, the incident and reflected
fundamental field amplitudes; E* and E?, the SH ficlds gener-
ated by the sample (or quartz standard) and the reference quartz,
respectively; £%, E9 and E, 1, the x components of the SH field
due to the sample, reference, and their sum, respectively,

obtained from the interference between the two
beams, which can be varied by translating the non-
linear reference along the path of the beam.

As the reference crystal is moved away from the
sample by §/, the fundamental travels a greater dis-
tance and the path length for the SH radiation from
the reference is decreased correspondingly. Taking
into account the dispersion of the ambient air, we see
that the phase of the reference SH wave is altered by

So=(2w/c){ n{w)-n(2w))d!
=—~{(2w/c)Andl, (2)

where w represents the fundamental frequency and
An=n(2w)—-n(w)>0 denotes the difference in
refractive indices of air at 2w and w. Thus, by scan-
ning the position of the quartz reference, we observe
a modulation in the net SH intensity. A given phase
of the surface non-linear susceptibility produces a
particular interference pattern. For a surface non-
linear susceptibility with a more advanced phase, the
positions of the maxima and the minima will appear
shifted towards the sample, as specified by eq. (2).
In order to obtain the absolute phase of the surface
non-linear susceptibility of the sample, comparison
is made with a calibrated standard. For this purpose,
only bulk non-linear materials are available; how-
ever, as can be readily seen by a superposition argu-
ment or directly from Maxwell's equations [21], the
bulk material gives rise to a reflected SH wave with
a phase advanced by 90° with respect to that from
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an optically thin surface layer of the material *. For
example, if the phase of the non-linear susceptibility
of the bulk material is 180°, as for y,.. of right-
handed quartz crystal discussed below, the observed
pattern will correspond to a surface non-linear sus-
ceptibility with a phase of 270°,

2.2. Experimental procedure

The experimental apparatus employed for these
phase measurements on the surface of an aqueous
phenol solution was essentially that described previ-
ously {18]. The excitation was provided by an
amplified picosecond dye laser operating ai 616 nm.
The fundamental beam was focused on the liguid
surface at a 70° angle of incidence. As before, the SH
radiation from the surface was detected by photon
counting techniques with a cooled photomultiplier.
The SH light was isolated by means of appropriate
color filters and a monochromator, In these phase
measurements, the concentration of the phenol solu-
tion was 0.4 M, which yielded roughly a monolayer
of phenol at the surface [18]. At this concentration
the SH intensity from the phenol-covered surface was
roughly ten times that of neat water, which indicates
that the non-linear response was dominated by the
contribution of phenol,

In the experiment with phenol, we choose to deter-
mine the phase of the xzx component of the surface
non-tinear susceptibility, (£?)....» where z corre-
sponds to the outward surface normal and x to a
direction in the (isotropic) surface plane perpendic-
ular to the plane of incidence of the laser light. The
SH radiation associated with this tensor element
could be isolated by means of the following arrange-
ment of input and output polarizations. The pump
electric field was adjusted to have both s and p com-
ponents, with the polarization vector lying at 45°
from the plane of incidence and having positive pro-
jections along the x and z axes. The analyzer selected
the s-polarized SH field for detection. Any higher-
order (electric-dipole forbidden) non-linear polari-
zation appearing in the bulk liquid will not contrib-
ute to the SH field measured in this configuration,

* The equivalence presumes that the effects of birefringence and
oplical activity are insignificant and that the material is
transparent,
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since for an isotropic sample the bulk terms produce
only p-polarized radiation [22].

The non-linear reference for the interference mea-
surement was a thin z-cut quartz crystal. Quartz
proved to be a convenient choice for the non-linear
material for several reasons, including its transpar-
ency at both the fundamental and harmonic frequen-
cies and its lack of birefringence. Another important
consideration was the poor SHG efficiency of quartz
associated with its short coherence length. This
property, together with the low reflectivity of the
fundamental beam from the liquid surface and its
spatial divergence while propagating from the sam-
ple to the non-linear reference, led to very weak SHG
from the reference. In this way, a SH wave from the
bulk non-linearity of the reference was produced with
an amplitude comparable to that from the surface
layer of the liquid sample, as required to observe well-
modulated interference fringes. To produce the
interference pattern between the SH waves from the
sample and the non-linear reference, we moved the
quartz reference along the path of the reflected beam.
The expected period of this pattern is given by eq.
(2)as

lo=nc/Anw =A2An ,

where A=2nc/w is the wavelength of the pump
radiation. For our measurement with the non-linear
reference surrounded by air, we find [,=22 mm, a
distance which could be easily scanned by means of
a standard translation stage.

The absolute phase calibration was accomplished
by replacing the liquid sample with a second, thick
quartz sample, The positive x axis of the right-handed
z-cut crystal was identified by means of its piezo-
electric properties 7, and aligned along the positive x
axis of the laboratory coordinate system. In order to
access y{2., the pump bsam was s polarized, It should
be noted that the polarization of the reflected pump
beam was essentially unchanged from that of the
reflection of the mixed polarized pump beam from
the liquid surface. This property arises from the fact
that reflection from the liquid surface occurred in the

7 Foliowing the IEEE convention [23] the positive x axis for
right-handed (left-handed) quartz is the direction of the out-
ward surface normal of the face developing positive charge on
compression {extension). The sign of x'3! is then positive for
left-handed quanz [24] and negative for right-handéd quantz,
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Fig. 2. Interference pattern of the SH fields for the surface of a
0.4 M aqueous phenol solution (open circles) and for the quanz
standard (filled boxes). The points are experimental data and
the curves through them represent the best fits to cos® functions.
The 1two interference patierns were rescaled to appear with com-
parahle amplitudes,

vicinity of Brewster’s angle, producing nearly s-
polarized light.

2.3. Experimental results

The interference patterns obtained by translating
the non-linear reference are shown in fig. 2. for both
the surface of the aqueous phenol solution and for
the quariz standard. The curves through the data
points correspond to the expected cos® form for the
SH intensity of two interfering electric fields. From
repeated measurements, we found that the trace for
the liquid surface is delayed by 90+ 15° with respect
1o the quartz standard. As argued above, the absolute
phase of (x!¥)... for the liquid is then
270° —-90° =180°,

3. Interpretation of phase measurement

3.1. General analysis

We now consider the relation between the phases
of the elements of x{2! and molecular orientation. For
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the sake of clarity and in keeping with the applica-
tion to phenol, we shall analyze only the situation
where 3\ is given as a sum of molecular non-linear
polarizabilities with a‘?’ dominated by a single axial
component af;!. We further suppose that the mole-
cules are arranged isotropically with respect to the
azimuthal directions. In this instance, the molecular
orientation is characterized by the average value of
the polar angle # (or more precisely, by the distribu-
tion of polar angles) between the molecular { axis
and the positive surface normal. Information on
molecular orientation follows from an examination
of the independent tensor elements of {2’ expressed
in terms of molecular quantities. For the case at hand,
we obtain the following explicit expressions from eq,

(1)

(xiz’):.-.-=Ns<00539>af§'2 3 (33)
(1‘52)),\':\'"—'(x§2)):.\:\:
=4N,{cos G sin?0yal¥}, (3b)

where N, is the surface density of molecules and
angular brackets signify an average over molecular
orientations, as above.

In previous work on molecular orientation, relying
on the polarization dependence of the SHG process
[5,12,18], only the ratio of these independent tensor
elements could be found. With an absolute intensity
calibration, the modulus of each element can also be
determined. Only by means of a phase measurement,
however, can the absolute signs of these quantities be
established. Note that a reflection of all molecular
orientations through the surface plane (#—+rn—-8)
changes the signs of (z{¥')..; and ({*"),.. individ-
ually, but does not alter the sign of their ratio. In fact,
for any isotropic surface, the components of xi2’ will
switch sign if the molecular orientations are reflected
about the surface plane, but their ratios will remain
unaffected. Thus the phase data can generally be
related to the sense of the molecular axes with respect
to the directed surface normal, provided that the sur-
face non-linearity arises from an electric dipole
response,

If the sign of a{}} is known, either through calcu-



Volume 131, number 4,5

lation or experiment [25], one can determine the
direction of the positive molecular Z‘ axis with respect
to the surface normal 2. When (%4’) ../ 0tf3 >0, for
example, Z’ is directed predominantly parallel to Z;
conversely (%47} ../of3l <0 indicates that ?is
oppositely directed to 2. The same relations apply, of
course, to (%{3').... When molecules point in both
directions, the relative sign is determined by the
appropriate weighted average,

3.2. Phenol/water system

Before we can apply the analysis developed above
to the surface layer of the aqueous phenol solution,
we must first establish that the non-linear response
is electric-dipole in nature and, secondly, that the
non-linear polarizability of phenol is dominated by
the axial component «fZ!. As has been recognized
since the early observations of surface SHG [22], the
presence of material boundaries can enhance the
normally weak electric-quadrupole terms at the
interface. To study the importance of these effects,
we investigated the more symmetric benzene deriv-
ative p-dihydroxybenzene on the surface of an
aqueous solution. Despite the greater importance of
resonant response for these molecules as compared
with the asymmetric phenol molecules, we observed
a marked drop in SHG for the case of p-dihydroxy-
benzene. This strongly suggests thai the intrinsic
electric-dipole non-linearity of phenol accounts for
most of the surface non-linearity. It should also be
observed that our previous comparison { 18] of sur-
face density of phenol as a function of solute concen-
tration from SHG data and from thermodynamic
data indicates that the local-field effects (between
surface solute molecules) are not significant .

In regard to the form of the non-linear polarizabil-
ity of phenol, we refer to existing theoretical calcu-
lations [26]. In these studies, it was found that for
phenol {as well as many other mono- and p-disubsti-
tuted benzene derivatives) o'?' is dominated by
af?l, with { lying along the principal molecular axis.
It was further established that a:f3) > 0 for { directed
from the center of the molecule to the oxygen atom.
With this definition of the molecular { axis, the
experimental data imply (6\¥).../a$i} <0.Hence,
the molecular { axis is oriented oppositely to the out-
ward surface normal, and we deduce that the sense
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of the phenol molecules is such that the hydroxy
group points into the bulk liquid.

4, Conclusion

We have performed the first measureinent of the
absolute phase of a surface non-linear susceptibility.
For a non-linear optical response describable as the
sum of eleciric-dipole contributions from an ori-
ented molecular layer, such phase data can be related
to the absolute molecular orientation with respect 1o
the directed surface normal. This information can-
not be inferred directly from commonly used linear
optical methods. In this work, we have demonstrated
the non-linear technique for the case of molecules of
phenol on the surface of an aqueous solution. Our
results confirm the intuitive notion that the hydroxy
group points towards the bulk water. A further point
of interest is that when surface structural informa-
tion is available, one can use the phase measure-
ments, as described here, to obtain the phases of the
elements of the molecular non-linear polarizability,
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