
The nanoparticles of a centrosymmetric material titanium
dioxide (TiO2) have been synthesied and characterized by hyper-
Rayleigh scattering (HRS) technique.  The particles with mean
diameter of 10 nm have large first order hyperpolarizability in
solution, which arise from the surface layer of the particles.

There has been a dramatic increase of interest in both the
preparation and properties of nanocrystalline materials over the
past decade.  However, there are only a few studies about sec-
ond order nonlinear optical properties of nanoparticles due to
the difficult in determination.  It is just from past two years that
the researches appear more than before because of the use of
HRS technique.  HRS is an incoherent methodology, which is
not constrained by the orientation, size, and/or charge restric-
tions inherent to conventional interfacial second harmonic gen-
eration (SHG) or electric-field-induced SHG measurement.1

Until now, the HRS mechanism of nanoparticles is still prelimi-
nary and incomplete.  For example, in the HRS studies of
nanoparticles such as SiO2,

2 CdSe3 and CdS,4 a bulklike contri-
bution to HRS signals were included.  But it is not clear that
what a contribution to HRS signals can give by surface layer.
So it is particularly interesting for direct observation of surface
SHG from nanoparticles.  This observation can give us definite
evidences about role of surface, and such a observation will
also show the possibility of applying second-harmonic spec-
troscopy (SHS) and sum-frequency spectroscopy (SFS) in the
study of surface structure of nanoparticles.  As we known,
coherent SHS and SFS have become powerful tools for study-
ing equilibrium and dynamic phenomena at interfaces.5 But for
very small particles such as nanoparticles, the size is far smaller
than the wavelength of light.  This suggests that there may be a
cancellation of the surface contribution,6 which will hinder the
use of SHS and SFS in nanoparticles.  The detectable surface
second order optical nonlinearity from very small metallic par-
ticles has been theoretical expected.7 In this letter we report the
first observation of SHG on a centrosymmetric matter–titanium
dioxide (TiO2) with a diameter in 10 nm by HRS technique.
Here HRS signals will mainly origin from interface of the mate-
rial.

TiO2 nanoparticles is a material with excellent merits in
solar energy transferring and photo-catalysis of poison com-
pounds in environment.8 There have symmetric centers in its
four forms of crystal structures: anatase, rutile, srilankite and
brookite.  We prepared the TiO2 nanoparticles by adding 25 mL
of Ti(O-i-Pr)4 (tetraisopropoxide) into 4 mL of isopropyl alco-
hol.  The mixture was added to 150 mL of distilled deionized
water containing 2 mL of 70% nitric acid, and then kept stirring
for 6 h at about 75°C.  Approximately 150 mL of TiO2 colloid
solution, which was stable for several months at 4°C, was
obtained after removing the organic layer.  The pH value of the

colloid solution was 0.9 and the initial concentration of TiO2
molecular unit was 5.6 × 10–4 M.  The crystal structure of the
obtained nanoparticles was anatase with mean size of 10 nm
from the analysis of transmission electron micrograph (TEM)
(Figure 1).

The HRS experimental setup we used is similar to the liter-
ature.9 The Q-switched Nd-YAG laser pulse (10 Hz, 8–10 ns
pulse width) at 1064 nm was focused into a 5-cm length glass
cell in which a liquid sample was measured.  The equipment
was well calibrated by para-nitroaniline (p-NA).10 Here it
should be noted that the TiO2 nanoparticles we used have no
absorption of incident light (1064 nm) and frequency-doubled
light (532 nm).  At such a situation, the relationship between
observed intensity of frequency-doubled light (I2ω) and incident
intensity (Iω) can be described by eq (1) 1 for a two-component
system with low solute concentration as:

where β is the first hyperpolarizability, N is the number density
of each component, subscriptions 1 and 2 denote solvent and
solute respectively, and the brackets indicate the orientational
averaging.  G is the constant parameter for low solute concen-
tration that encompasses collection efficiencies as well as local
field correction factors.  At our case, water is the solvent with
β1 value as 0.56 × 10–30 esu.2 N1 is the number density of
water. In whole experiment, good agreement to a quadratic fit
of HRS intensity I2ω on the incident intensity Iω has been
observed, as expected for the second-order scattering process.
Figure 2 show the experiment results and the fitting curves.
The β values “per particle” can be estimated to be 4.3 × 10–26

esu with the number density of the nanoparticles calculated
from initial concentration of TiO2 molecular unit and mean
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diameter of the particles (10 nm).  This value is in the largest
values reported for solution species.  For comparison, β values
for the best molecular chromophores are on the order of 5.0 ×
10–27 esu.11

It is believed that SHG is inherently absent for centrosym-
metric structures in the electric dipole approximation.12 However
at an interface, the inversion symmetry intrinsically breaks.  As a
result, the surface originated SHG can be observed even in cen-
trosymmetric materials.13 For example, SHG spectrum has been
used to probe the interactions between defects and small mole-
cules on bulk TiO2 surface.14 Mostly, observed SHG mainly
originated from the molecular chromophores absorbed on the
surface.  In our particles, there are no special molecular chro-
mophores on the surface but the solvent water molecules.  The
solvent molecules can affect observed HRS signals in three ways.
First, the first hyperpolarizability of water molecules β1 is not
equal to zero so that solvent will contribute to HRS signal (equa-
tion 2: β1·EE).  This contribution was used as a reference and has
been considered in equation 1.  Second, the solvent will introduce
an additional effective field F which is zero on the average, but
with low frequency instantaneous fluctuations.15 This addition
field F can interact with two photons to contribute HRS signal
involving the second hyperpolarizability of the TiO2 nanoparti-
cles γ2 (equation 2: γ2·EEF).  Third, under the pH condition (0.9),
the surface of TiO2 nanoparticles are positive charged,16 so that a
surface static electric field E(s) is product and extends to interfa-
cial region.17 With field E(s), the third nonlinear process con-
cerning the second hyperpolarizability of interfacial water mole-
cules γ1 can also product HRS signal (equation 2: γ1·EEE(s)).
The two of third order nonlinear process (γ2·EEF and γ1·EEE(s))
will vary with total ion concentration of the solution, because the
field F and E(s) are all depending on the ionic strength.18 We
adjusted the ionic strength of TiO2 colloid solution by NaNO3
and then determined the HRS intensity.  We found that at same
number density of TiO2 particle, HRS intensity varied no more
than ±5% which was within the systemic errors of the setup
(10%).  This means that the contributions from third order non-
linear processes are not important in this case.  In fact, the contri-
bution from third order nonlinear process to first hyperpolariz-
ability was also found to be not important in charged SiO2
nanoparticles.2 In summary, the induced polarization P of TiO2
colloids can be expressed as:

Where β1, β2 are first hyperpolarizability of water molecule
and TiO2 nanoparticles, respectively.  Only last three terms
have a contribution to the determined β value of TiO2 nanopar-
ticles. As shown above, solvent and surface charge effects are
not important and can not be used to explain observed large
first hyperpolarizability of TiO2 nanoparticles.  The phenomena
should be considered as an inherit property of the nanoparticles
attributed to its surface atoms.

When considering surface molecule-like scatters, surface
Ti–O bonding may be the origins of observed HRS signals in
TiO2 nanoparticles as Cd–S bonding in CdS nanoparticles and
Si–O bonding in SiO2 nanoparticles.2, 4 But the detailed mecha-
nism that why surface layer has so large second order nonlin-
earity are not clear at present.  The result we report here reveal
that surface layer can have important contribution to second
order nonlinearity in nano-materials, and surface contribution
may become the main source of SHG because the enhancement
of ratio of surface atoms to volume atoms. 
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