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Polarized adsorption of H20 on NaCI(100) in air, observed by second 
harmonic generation 

P. Tepper, J. C. Zink, H. Schmelz, B. Wassermann, J. Reif, and E. Matthias 
Fachbereich Physik, Freie Uniuersitat Berlin, Amimallee 14, 1000 Berlin 33, Federal Republic afGermany 

(Received 3 April 1989; accepted 4 May 1989) 

We have observed a pronounced m-symmelry in the azimuthal dependence of optical second 
harmonic generation in reflection from NaCl ( 100) in air at room temperature, in spite of the fact 
that the C4v symmetry of this surface should not exhibit any anisotropy, The observed anisotropy 
builds up and then disappears again with time of exposure to ambient air. The high solubility of 
NaG in water, together with the high polarity of the water molecule, suggests that the dipolar 
surface hyperpolarization, responsible for second harmonic generation, is caused by adsorbed 
H 20 at a certain range of coverage. The m-symmetry then reflects a macroscopic polarization due 
to a partially parallel orientation ofthe adsorbed water molecules, In accord with tentative results 
of molecular dynamics calculations, this indicates polymerization of water on NaCl(100) at 
room temperature. 

I. INTRODUCTION 

Although extensive investigations have been devoted to the 
problem of H 20 on metals, semiconductors, and oxides, I 
surprisingly little is known about the details of water adsorp­
tion on alkali halide crystals,2-5 albeit its practical interest 
from several points of view. For instance, the high solubility 
of the substrates means that condensation of humidity from 
ambient air is sufficient to irreversibly decompose the sur­
face of alkali halide blanks. Among the open questions, there 
are, in particular, the orientation and polymerization6 of 
H 20 molecules on oriented alkali halide surfaces, which 
should be influenced by the fact that both the substrate and 
the adsorbate are of highly dipolar character. 

A well-suited technique to study these phenomena is given 
by optical second harmonic generation (SHG) in reflection 
from centrosymmetric media, 7 which presents the particular 
advantage of being applicable to any kind of in situ measure­
ments, provided the sample is accessible by light. It is based 
on the creation of a dipolar hyperpolarization at the surface, 
reflecting the surface susceptibility, and is therefore a sensi­
tive tool for investigating dipolar adsorbates. 8 Since in dipole 
interaction the electron motion is directly coupled to the 
direction of oscillation of the light fields, a rotation of the 
sample about its normal for fixed light polarizations yields 
information about geometrical structures at the surface.<),10 
Obviously, this can be readily exploited to investigate the 
orientation of a highly polar adsorbate like water, in particu­
lar, if the orientation of the individual dipole moments is 
nonrandom and amounts to a macroscopic polarization. 

In this contribution, we report on SHG results obtained 
with polished NaCl(100) surface exposed to air at room 
temperature. It will be shown that the azimuthal dependence 
of the respective susceptibility does not correspond to the 
one expected from geometrical surface structure, but reflects 
the properties of an adsorbate which, most likely, is water 
condensed from ambient air. 

II. EXPERIMENTAL SETUP 

One distinct advantage of the SHG technique is its rela­
tively simple and straightforward experimental realization. 

As described previously, 10 6-ns pulses of a frequency-dou­
bled Nd3t -yttrium aluminum garnet (YAG) laser at 532 
nm served as the fundamental incident under 45° onto the 
sample surface, which could be rotated about its normal by 
means of a stepping motor drive. The intensity was kept be­
low 10 MW Icm2 in order to avoid parasitic processes such as 
the ignition of a microplasma at the surface. l

! The reflected 
second harmonic (SH) radiation was separated by means of 
color filters and a dispersive prism from the reflected funda­
mental light and then detected by a solar blind Cs-Te photo­
multiplier, the signal of which was processed in a gated inte­
grator and stored in a multichannel analyzer. By 
synchronization between channel number and sample rota­
tion angle quick rotations, each at 0.36°/1aser pulse, were 
superimposed in order to avoid problems from long-time 
baseline drifts. The polarization of both fundamental and 
SH was carefully controlled using high-quality Glan prisms 
with an extinction ratio of < 10-5

• In order to improve the 
signal-to-noise ratio, the reflection from the rear surface of 
the sample was preferred over the front surface reflection, 
thus taking advantage of a Fresnel enhancement of the ap­
plied electric fields. 12 In Fig. 1, the geometrical situation at 
the sample is schematically indicated. 

FIG. 1. Principal geometry for SHG in retlection. In the experiment the 
surface is rotated about its normal Z (azimuthal angle 1/'), and the polariza­
tion of both fundamental and SH can be varied to any direction between s 
and p. 
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m. GENERAL CONSIDERATIONS 

As was outlined elsewhere,1O SHG from a transparent 
centrosymmetric medium is characterized by two different 
sources: (i) a dipolar hyperpolarization existing only at the 
surface, and (H) a contribution of higher order interactions, 
i.e., electric quadrupoles or magnetic dipoles coupling to 
electric field gradients at the surface and in the bulk We 
have demonstrated 10 that only the first contribution is able 
to exhibit an anisotropy upon rotation of the crystal about its 
normal. Obviously, this can only be probed by electric field 
components parallel to the surface, i.e., rarpendicular to the 
plane of incidence, whereas field components normal to the 
surface result in an isotropic contribution to SHG from all 
sources. 

In the following, we will concentrate on the dipolar hyper­
polarization 

P(2w) =x(2)(Zw)E«(u)E«(u), (1) 

which is the most sensitive for the investigation of surfaces 
and adsorbates. As is well known/-Il this three-photon in­
teraction vanishes for parity reasons in centro symmetric me­
dia. If both fundamental and SH fields oscillate parallel to 
the surface (sis-polarization, cf. Fig. 1), the whole geometry 
is reduced to a two-dimensional problem, Thus, at a (IOO) 
surface, which is of C4u symmetry, the hyperpolarization 
vanishes for parity reasons. Only in a fully three-dimension­
al geometry (e.g., if both fields are parallel, i.e., pip-polar­
ization) or at an angle #90° to the plane ofincidence (e.g., 
45°/45°-polarization, i.e., when the fields have components 
normal to the surface) the centrosymmetry is lifted and 
SHG becomes possible, which is, however, isotropic upon 
crystal rotation. The previously reported 10 result from BaF 2 

(100) in Fig. 2(a) confirms this notion. However, from the 
polished N aCl ( 100) surface, which had been exposed to am­
bient air, the result for identical conditions is significantly 
different, as shown in Fig. 2 (b). This deviation from expec­
tation must be attributed to a surface contamination intro­
ducing a different symmetry. 

FlG. 2. Polar plots of data for the azimuthal dependence of SHG in reflec­
tion from (100) surfaces in airfor (a) BaPl and (b) NaCI. The fundamen­
tal wavelength is at 532 nm, the angle of incidence is at 45' to normal, both 
polarizations ({O, 2ui) are at 45' to the plane of incidence, the rotation angle 
¢ is hetween ell and (010). The underlaid orientation of the crystal structure 

was obtained from cleavage. 
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IV. RESULTS AND DISCUSSION 

Not only for 45°/450 -polarization did we find an unexpect­
ed symmetry from N aCl ( 100) surface exposed to air, but we 
also found SHG for sis-polarization (Fig. 3), in contrast to 
expectation and the result from BaF2. In this case, the sam­
ple had been exposed to air for a couple of days at a normal 
laboratory humidity of - 50 % and a temperature of 
- 20°C. The azimuthal dependence exhibits a pronounced 
twofold symmetry (it should be kept in mind that for the 
specific experimental conditions there is a 1800 degeneracy 
for linear light polarizations) . 

The question arises, what information about the adsorbate 
can he obtained from the observed symmetry. For an an­
swer, we first have to consider the properties of the dipolar 
nonlinear susceptibility XiZ

) in Eq. (1 ).lfwe assume m-sym­
metry (CJ in Fig. 3, with the NaCl(OlO) plane being the 
mirror plane, only the following in plane components of X(2) 

do not vanish 13: 

Xlii' X122' and X212 = X22P (2) 

where the subscripts 1 and 2 denote projections of the adsor­
bate molecular coordinates onto the NaCl\OO'l) and (010) 
directions, respectively. A transformation in laboratory co­
ordinates (see Fig. 1) then gives for the s-polarized SH inten­
sity (in analogy to Refs. 10 and 14): 

I,.2w (I,b)a[ - XIII sin3¢, - (t122 + 2X2I2) 

(3) 

with V! being the angle between the light polarization and the 
normal to the mirror plane. The solid line in Fig. 3 is a Ieast­
squares fit of 1,.2(c' (I,b) to the data, from which we obtain the 
ratio 

XIII =1.10. (4) 
X!22 + 2X212 

The excellent agreement with the experimental result justi­
fies our choice of m-symmetry for the adsorbate. 

Similarly, we can model the case of Fig. 2(b), i.e., 45°/45°­
polarization. There, we have components of the light fields 
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FIG. 3. Azimuthal dependence ofSHG in reflection from NaCi( 1(0) in air. 
Both beams (w, 2w) ares-polarized and directed at4Y to the surface which 
is rotated about its normal (rotation angle ¢ is between sand (010)). The 
solid line is a least-squares fit for m-symmetric nonlinear polarization. 
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both perpendicular and parallel to the surface. Consequently 
X(2) has the following elements (coordinate 3 parallel to the 
NaCl (100) direction) 13: 

XII I' X 122' X133' Xnl = XIl3' X223 = X232' 

X212 = X22l> X311, X322,X333' andX331 = X313' (5) 

which all are operative and lead to a correspondingly more 
complicated azimuthal dependence. In Fig. 4, the data of 
Fig. 2(b) are presented in a linear plot together with a calcu­
lated curve, where the tensor components were optimized 
only by eye. Nevertheless, the curve approaches the experi­
mental points so well, that it can be considered as an addi­
tional proof that the assumption of m-symmetry is correct. 

The data reported so far were all obtained from polished 
NaCI( 100) samples which had been exposed to ambient air 
for a few days. For fresh samples (immediately after being 
taken out of a sealed package), we generally found that they 
did not exhibit any azimuthal anisotropy ofSHG, whatever 
polarization was used. Only with time of exposure, the m­
symmetry at the surface developed. In Fig. 5 we have plotted 
for one particular sample the change in SHG anisotropy 
with time. The fresh sample, irradiated at 45°/45°-polariza­
tion, shows indeed a SH yield independent of the azimuthal 
orientation, as expected for a (100) s\lrface. After one day of 
exposure to ambient air, the anisotropy starts to emerge, and 
after two days it is fully developed. Continuing exposure 
again reduces the adsorbate specific susceptibility, and for 
this particular sample the effect vanishes completely after 
three days. The sequence observed was reasonably reproduc­
ible for all samples investigated, whereas the time scale, nat­
urally, depended on humidity and the individual sample. 

The m-symmetry is extremely well defined even at room 
temperature. This can be seen in Fig. 6. The lowest set of data 
[Fig. 6 (c)] reproduces the typical twofold dependence on 
azimuthal orientation for sis-polarization (cf. Fig. 3). How­
ever, already a small deviation from pure s-polarization for 
either fundamental or SH changes the pattern substantially, 
as is shown in Fig. 6 (b) for a deviation ofthe fundamental of 
only ¢ = 3°. In this case, the oscillation of the electric field is 
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FIG. 4. Azimuthal dependenceofSHG from NaCI(lOO) in air for 45"/45'· 
polarization [same data as in Fig. 2{b) 1. The solid line represents the pre­
dicted anisotropy for m·symmetry with a particular choice of susceptibility 
components (sec text). 

J. Vac. Sci. Technol. 8, Vol. 7, No.5, Sep/Oct 1989 

>­
I-
;n 
z: ..... 
I­z: 

:x: 
III 

:I 
2 
1 

exposed ( 2doysl 

:I 1:--------.... --.---.. -

2 F-.-'~~..H~~~""'w~ -
1 I!xposed (3days) '. 
Or--·-

o 90 180 270 360 

SAMPLE ROTATION ANGLE [degl 

1214 

FIG. 5. Development in time of exposure to air of m-symmetry on a 
NaCl( 100) surface, recorded with 45'/45"-polarization. 

no longer exclusively parallel to the surface and the 180· 
polarization degeneracy is lifted. A deviation of ¢ = 8° [Fig. 
6(a) J almost restores the pattern of 45°/4Y-polarization 
(cf. Fig. 5). This sensitivity to even small admixtures of oth­
er tensor components is characteristic for m-symmetry. 

The observed adsorbate-induced m-symmetry is equiva­
lent to the assumption that there is a net macroscopic polar-
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FIG. 6. Variation of the SHG azimuthal pattern when deviating from exact 
s/ s-polarization. As indicated in the insert, the angle .p denotes the deviation 
of the fundamental field component parallel to the surface (ell ) from true s­
polarization. 
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ization at the surface which allows for only one principal 
direction of electron motion. In particular the result of Fig. 6 
indicates that the direction is inclined with respect to the 
surface, and all measurements show that its projection onto 
the surface is along the crystallographic (001) direction. 
Taking into account the high solubility of NaCl in water, 
there is strong evidence (cf. Fig. 5) that the polarization is 
due to adsorbed water molecules with their strong dipole 
moments. A possible model would be that these link up in 
such a way that, for a certain coverage, there exists a result­
ing macroscopic electric polarization l5 on the surface with a 
projection along the (001) direction. This could be achieved 
by the formation of H-bridge bonded chains (polymeriza­
tion) of water molecules. Preliminary results obtained by 
molecular dynamics calculations support this view. Starting 
with a coverage of ~ monolayer of arbitrarily oriented and 
positioned H 20 molecules, we find that after ~ 3 X 10- II s 
(i.e., 3 X 104 calculation steps) the average components of 
the total electric dipole moment parallel and perpendicular 
to the surface plane are never zero. The calculations were 
performed for a surface temperature of 100 K, whereas our 
measurements are carried out at about - 300 K, where cor­
respondingly larger fluctuations are to be expected. Never­
theless, we believe that the electric dipole moments of the 
water molecules will still not average to zero, even at room 
tern perature. 

v. CONCLUSIONS 

Using surface SHG we have shown the development of a 
m-symmetry on NaCl( 100) exposed to ambient air for a few 
days. Because of the large solubility of NaCl in water and 
because of the large dipole moment of the H 20 molecules, we 
interpret the data as indicating polarized water adsorption. 
Although the measurements were carried out at room tem­
perature, polymerization of water in chains would provide 
an explanation for the observed adsorbate-related m-sym­
metry. The fact that the latter vanishes again after several 
days of exposure to air must be taken as evidence that full 
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coverage of the surface with H 20 is reached and an icelike 
network is formed which no longer results in a preferential 
orientation of the water dipoles. 

Further work is required to confirm the observations re­
ported in this contribution. In our laboratory experiments 
on Raman scattering, aimed to identify the adsorbate as wa­
ter molecules, are under way, as well as experiments on SHG 
under ultahigh vacuum conditions with well controlled H 20 
adsorption, in order to shed more light on the dynamics of 
the process. Finally, the molecular dynamics calculations 
have to be refined and extended to give a more detailed un­
derstanding. 
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