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Polarization-resolved hyper Rayleigh scattering experiments were performed on gold metallic nanoparticles.
These results unambiguously indicate that the second harmonic generation process of a nanoparticle is of pure
electric dipole origin for the smallest particles as opposed to pure electric quadrupole, and that retardation
effects come into play for larger sizes. It is furthermore demonstrated that this electric dipole emission at the
harmonic frequency is due to a deviation of the particle shape from that of a perfect sphere and not from
defects in the crystalline structure of the particle.
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Optical properties of coinage-metal nanoparticles have
been extensively investigated over the past years. The main
reason for such an extensive use is the domination of the
optical spectra of these nanoparticles by the collective exci-
tation of the free conduction-band electrons, known as the
surface plasmonsSPd resonance. This is indeed true in linear
optics for the photoabsorption spectrum, for instance, but is
also valid in nonlinear optics for the first and the second
hyperpolarizability of the particles.1–3 The SP resonance en-
hancement hence yields large values for the measured hyper-
polarizabilities of the nanoparticles. Measurements of the ab-
solute magnitude of the first hyperpolarizability of silver and
gold nanoparticles have thus received a lot of attention, since
the phenomenon whereby two photons at the fundamental
frequency are converted into one photon at the harmonic
frequency is forbidden in media with inversion symmetry.
The question of the origin of the first hyperpolarizability
from small metallic particles has been raised in the past with,
to date, no definitive experimental answer. Theoretical calcu-
lations, based on the assumption of nanoparticles of finite
size with a perfect spherical shape, have been proposed, sup-
porting an origin of the response of an electric quadrupole
nature due to the combined centrosymmetry of the crystal-
line structure of the material and the centrosymmetry of the
nanoparticle shape.4–8 The main result of this theoretical de-
scription is the excitation of an effective dipole, along the
direction of the propagation of the incident light beam, and
of an effective vector quadrupole, along the direction of the
incoming fundamental field. Both contributions arise from
retardation effects, the effective dipolar one from the nonlo-
cal excitation of the surface nonlinearity and the effective
quadrupolar one from the nonlocal radiation of the surface
nonlinearity. Both contributions scale with the 3rd power of
the diameter of the nanoparticles, and as a result, the second
harmonic sSHd intensity from a single nanoparticle scales
with the 6th power of the nanoparticle’s diameter. This over-
all quadrupole origin of the SH intensity with two contribu-
tions implies further dedicated patterns as a function of the
azimuth angle of collection and the input polarization angle.
Indeed, one of the interesting features of this theoretical
model is that even though the two contributions have the
same comparable weight, their origins are different, and in
particular their resonance frequencies are different. The first

effective dipole contribution is intrinsically of electric dipole
nature in radiation at the harmonic frequency, and therefore
its resonance is located at the frequencyV=2v such that the
real part of the quantityl«sVd+sl +1d«msVd with l =1 van-
ishes. In this expression,«sVd is the dielectric constant of the
metal at the frequencyV ,«msVd is that of the surrounding
medium at the same frequency, andl is the order of the
mode, namely,l =1 for the dipole mode andl =2 for the
quadrupole mode. Hence, the second effective quadrupole
contribution, which is of quadrupole origin in radiation, is
slightly shifted towards higher energies. Spectra recorded for
gold nanoparticles by hyper Rayleigh scatteringsHRSd or
second harmonic generationsSHGd have all exhibited the
dipolar Mie resonance. For gold nanoparticles in an aqueous
solution, the location of the dipolar SP resonance is observed
around 2.38 eV, with small shifts attributable to small
changes in the environment or the particle sizes. Recently,
experiments on larger silver nanoparticles dispersed in an
aqueous solution have been performed by HRS.2 The data
clearly showed the dipolar SP resonance as well as the qua-
drupolar SP resonance, located at a slightly higher energy, in
agreement with the theoretical predictions. Further experi-
mental evidence of these observations was obtained using a
slit arrangement modulating the azimuth angle dependence
of the HRS intensity integrated over a large solid angle.
These results have reinforced the validity of the assumptions
of the model based on the perfect spherical shape of the
particles and a nonlinearity arising from the breakdown of
the centrosymmetry at the surface of the particles. There still
remains a discrepancy between the theory and the experi-
mental data regarding the dependence of the first hyperpolar-
izability with the diameter of the nanoparticles.9

In order to resolve these ambiguities, we undertake HRS
experiments on gold nanoparticles monodispersed in an
aqueous solution and use a complete polarization resolution
of the HRS signal instead of an azimuth angle dependence.
Indeed, different patterns are expected as a function of the
incident polarization angle for a dipole or a quadrupole ori-
gin of the HRS signal. As opposed to the previous theoretical
predictions, we demonstrate below that the new data unam-
biguously support the origin of the HRS signal arising from
an electric dipole. However, it is shown that there exists no
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contradiction with the measurements performed in the past,
and it explains the size dependence observed in the range of
8–22 nm for gold nanoparticles.

The gold nanoparticles are purchased from Sigma-Aldrich
sUSA, gold nanoparticles, 10 and 20 nm diameterd and Brit-
ish Biocell InternationalsUnited Kingdom, gold nanopar-
ticles, 50, 80, 100, and 150 nm diameterd and are used as
received. The HRS experimental apparatus consists of a fem-
tosecond Ti:Sa oscillator delivering at a fundamental wave-
length of 800 nm pulses with a duration of 150 femtoseconds
and operating at a repetition rate of 76 MHz. The fundamen-
tal beam is focused by a microscope objective into a quartz
spectrophotometric cell containing the monodispersed nano-
particles, and the HRS light is collected at a right angle by a
5-cm-long focal-length lens through a monochromator and
detected with a cooled photomultiplier in photon counting
mode. Filters are used to remove any unwanted light at the
fundamental or the harmonic frequency. All data are cor-
rected for any laser-power drifts, and the duration of the laser
pulses are always checked. Finally, the fundamental beam is
chopped at 100 Hz to enable gated photon counting, allow-
ing automatic subtraction of the noise level. The fundamental
input beam is linearly polarized and the input angle of polar-
ization g, defined as the angle between the direction of the
electric field and thex axis, is selected with a rotating half-
wave plate. The configuration of the experimental setup is
such that the fundamental beam is propagating in thez di-
rection with the electric field polarized in thehx,yj plane
with the polarization angleg. The harmonic light is collected
along they direction, at a right angle from the propagation
direction of the fundamental beam and after passing through
an analyzer selecting the output polarization state.

The initial experiments consist of the measurement of the
linear dependence of the HRS intensity with the number den-
sity of particles in the solution and with the square of the
fundamental intensity. Indeed, the HRS intensity is given by

IHRS= GkNSbS
2 + Nb2lI2 exps− «Nld, s1d

whereI is the fundamental intensity,N andb are the number
density and the hyperpolarizability of a nanoparticle, respec-
tively, and« is the molecular extinction coefficient due to the
self-absorption of the HRS signal in the cell, the width of
which is l. G is a general factor embedding all geometrical
factors as well as absolute constants. The measurement of the
HRS intensity in the absence of the nanoparticles provides an
internal reference for the extraction of the absolute values of
the first hyperpolarizabilities, knowingNS and bS as the
number density and the hyperpolarizability of the solvent
molecules. In order to achieve this absolute calibration, the
spectrum around the HRS line is first determined to subtract
the photoluminescence background, which could account for
up to 50% of the total photon counts collected at the SH
frequency. This subtraction procedure is valid since HRS and
photoluminescence are two incoherent processes. For the
polarization-resolved HRS intensity measurements, a similar
procedure was performed. Because of the photoluminescence
background, a polarization curve is registered off the HRS
line, 20 nm on the blue side of the HRS line, in order to
subtract the input polarization dependence of the photolumi-

nescence. Figure 1 reports the polarization-resolved HRS in-
tensity for the 20-nm-diameter gold nanoparticles for the
output harmonic light polarized along thex direction. The
pattern observed is that of the classical emission pattern of an
electric dipole as a function of the polarization of the exci-
tation field. This pattern is in complete disagreement with the
theoretical calculations which predicted for thex polarized
output curve a quadrupolar-type pattern with four lobes.8 In-
deed, for a geometrical configuration where the collection is
at a right angle to the excitation, the expectedx-polarized
output is solely a function of the effective quadrupolar con-
tribution. The data presented in Fig. 1 can be fitted with the
classical polarization dependence expected for an electric di-
pole radiation at the harmonic frequency, as for molecular
systems,

IHRS
G sgd = aG cos4 g + bG cos2 g sin2 g + cG sin4 g, s2d

where aG , bG, and cG are real coefficients. In Eqs2d, G is
defined as the outgoing direction, namely,G=XsVd ,ZsHd for
the vertically and horizontally polarized light, respectively.

FIG. 1. Polar plot of the input-polarization-angle dependence of
the output-HRS intensity from 20-nm-diameter gold nanoparticles
polarizedsad along thex direction andsbd along thez direction. The
solid line is a fit to Eq.s2d.
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The equalityaX+cX=bX also applies because of the isotropy
of the liquid phase and the cylindrical symmetry of the
experimental configuration. The pattern observed for the
20-nm-diameter gold nanoparticles is similar to the pattern
observed for molecular systems.10,11 Quadrupolar molecular
systems have also been described in the past, but the ex-
pected patterns for these systems do not follow the one re-
ported here.12 It is therefore concluded that the origin of the
HRS signal from small metallic nanoparticles is of pure elec-
tric dipole origin. The depolarization ratio is found to be
cX/aX=0.47±0.03. For the SH output polarized along the
horizontal direction, one also finds 2az=2cz=bz with cx=cz,
in agreement with the pure dipole nature of the SH radiation
ssee Fig. 1d.

There are two main possibilities for such a dipolar origin
of the HRS signal from nanoparticles. First, the assumption
of a perfect spherical shape for the particles may not be
valid, and this deviation from the perfect case yields a break-
ing of the centrosymmetry of the particles. As a result, the
nanoparticle can radiate at the harmonic frequency like a
dipole. It is important to stress here that in principle any
phenomena destroying the perfect spherical symmetry of the
particles are allowed. From transmission electron micros-
copy, it is rather obvious that metallic particles are not
strictly spherical. However, surface states arising from sur-
face defects or from an organic layer adsorbed at the surface
of the particles would be an equally valid source of the de-
struction of the pure spherical symmetry. Second, the gold
nanoparticles are not perfect nanocrystals, and therefore they
contain defects in their crystalline structure. The assumption
of particles made of centrosymmetric material is therefore no
longer valid, and the particles radiate like dipoles at the har-
monic frequency. The polarization-resolved HRS intensity
observed in the two cases is similar, but a way to distinguish
between the two origins is the size dependence of the first
hyperpolarizability. Indeed, if the origin of the signal is a
deviation from a perfect sphere, then the hyperpolarizability
will scale with the square of the particle diameter, since the
nonlinearity arises from the surface. On the other hand, if the
origin of the signal arises from defects within the nanocrys-
tal, then a scaling with the volume of the particle is expected,
at least for small-diameter particles when the defects do not
start to counteract themselves because of a random orienta-
tion. Figure 2 gives the size dependence of the square root of
the HRS intensity for the input fundamental beam polarized
along thex direction as a logarithmic plot. A linear fitting
procedure yields a slope of 1.9±0.2. This result thus supports
an origin of the electric dipole hyperpolarizability arising
from a deviation of the nanoparticle shape from that of a
prefect sphere. This power dependence of the HRS intensity
on the diameter of the nanoparticles is now in agreement
with previous data obtained in the range of 8–22 nm
diameter.9

A notable deviation from the pure dipolar pattern for the
HRS intensity with the input angle of polarization is ob-
served for large particle diameters, in particular those above
80 nm, where the polarization plots of the HRS intensity
with the fundamental angle of polarization clearly exhibit
four lobesssee Fig. 3d. In this range, the diameters are no
longer much smaller than the wavelength of the fundamental

light. Indeed, for the 20-nm-diameter particles, this ratio is
still of the order of 1

40, whereas for the 80-nm-diameter par-
ticles it has increased up to110. Thus retardation effects can-
not be discarded anymore. The quadrupolar pattern exhibited
by the polarization-resolved curves of the HRS intensity is
due to retardation effects with the dipolar contribution still
present as observed through the deviation of the four-lobe
pattern from that of an exact fourfold quadrupolar symmetry.
In order to properly account for this plot, a complete model
is derived, encompassing not only the usual response of
pointlike dipolar and quadrupolar molecules but also that of
larger objects such as nanoparticles. To do so, the electric
field collected at positionr̄ and radiated by a single nanopar-
ticle is taken as the coherent superposition of the spherical

FIG. 2. Logarithmic plot of the square root of the HRS intensity,
recorded for both the input fundamental and the output harmonic
intensities polarized along thex direction versus the diameter of the
nanoparticles.

FIG. 3. Polar plot of the input-polarization-angle dependence of
the output-HRS intensity from 80-nm-diameter gold nanoparticles
polarized along thex direction. The solid line is a fit to the general
form of Eq. s3d.
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waves radiated by an infinite number of pointlike dipoles at a
location rW8, radiating at the harmonic frequency 2v and sit-
ting at the surface of the particle. These dipoles are excited
by the fundamental field taken as the cavity field inside the
particle. Furthermore, the field radiated at the harmonic fre-
quency is taken as the superposition of the radiation field
produced by the local surface dipole, taking into account the
polarization field inside the cavity at the harmonic frequency.
sThe details of the model will be reported elsewhere.d Doing
so, the introduction of the retardation effects at both wave-
lengths leads to an extended form of the HRS intensity, as
given by Eq.s3d, where the two last terms must be intro-
duced as compared to Eq.s2d:

IHRS
G sgd = aG cos4 g + bG cos2 g sin2 g + cG sin4 g

+ dG cos3 g sing + eG cosg sin3 g. s3d

To the first and the second order in the scale factorx=R/l,
whereR is the radius of the nanoparticle andl the funda-
mental wavelength, all coefficients have similar expressions,
being linear combinations of the fourth and the fifth powers
of x. For instance,aG has an expression of the formaG

=a8Gx4+a9Gx5. However,dG and eG are proportional tox5

only. Thus a more correct expression for the form of the HRS
intensity with the diameter of the nanoparticles is a combi-
nation of the fourth and the fifth powers of the nanoparticle’s
diameter. In this case, the agreement with the experimental

data is improved for large diameters. Furthermore, the
polarization-resolved HRS intensity of the 80-nm-diameter
nanoparticles can then be accurately fitted with the extended
form of Eq. s3d ssee Fig. 3d. Because neither the dipolar nor
the quadrupolar response dominates, the resulting figure is a
mixture of pure dipolar and pure quadrupolar radiation pat-
terns.

In conclusion, it is demonstrated that the first hyperpolar-
izability of small metallic nanoparticles is of electric dipole
origin, and that it arises from a deviation of the shape of the
nanoparticles from that of a perfect sphere. A general frame-
work is given that explains all previous data on the size
dependence of the absolute values of the hyperpolarizability
of the particles as well as the polarization-resolved HRS in-
tensity for small and large diameter particles. In the latter
case, retardation effects start to play a dominant role. The
general model is also in agreement with the data reported in
the past, namely, the wavelength dependence and the size
dependence of the hyperpolarizability of the metallic nano-
particles.
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