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Abstract. Ga nanoparticle monolayers formed by evaporation-condensation in ultrahigh vacuum and em-
bedded in a transparent SiO, matrix generate second harmonic (SH) signals in transmission and reflection
when illuminated by a 150 fs, 800 nm laser pulses. The observed SH light exhibits a critical dependence on
input and output polarizations, angle of incidence and azimuthal orientation of the samples. The results
lead to a consistent picture of shape and orientation of the nanoparticles. Linear transmittance spectra in
the visible range support these findings and the observed size dependence of the SH signal.

PACS. 78.66.Vs Fine-particle systems — 61.25.Mv Liquid metals and alloys — 42.65.Ky Harmonic

generation, frequency conversion

1 Introduction

Nonlinear optical properties of nanostructured materials
are being intensively studied in view of device develop-
ment in many photonic applications. The importance of
the field is based on the possibility of manipulating such
structures on a nanoscopic level and integrating them on
already existing electro-optical devices [1,2]. A desirable
feature of these materials is the achievement of high effi-
ciency nonlinear signal conversion even with low symme-
try structures grown with self-assembled procedures [3].

In this work, the second harmonic (SH) response in-
duced by fs laser pulses on Ga nanoparticles is studied
and related to the optical linear response measured in
transmission and to the structure of the samples. Measure-
ments were performed by varying nanoparticle size, laser
fluence, polarization of the exciting pulse and geometry
of the experiment. Both nonlinear reflectivity and trans-
mission measurements were performed. We have measured
substantial amounts of second harmonic radiation gener-
ated by Ga nanoparticles. Moreover, our results stress the
importance of second harmonic generation as a viable and
sensitive tool for nanoscopic studies and characterization
of these structures.

2 Experimental details

The particles are formed by evaporation-condensation
(Vollmer - Weber mode) of high purity gallium in ultra-
high vacuum on a dielectric SiO, (z ~ 1) layer deposited
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on a silica or sapphire substrate [4]. The system is then
covered with a layer of the same material, with a thickness
ranging from 10 to 50 nm.

The nanoparticles are produced on a single layer as
truncated spheres (80% of the ideal volume) with a rel-
atively low (< 20%) size dispersion. The Ga nanoparti-
cles are in the liquid phase at room temperature. In our
samples, they have an equivalent mass thickness dy; of
1, 2, 3, 5, 10, 20 and 30 nm, and are labelled Gal, Ga2,
Ga3, Gab, Gal0, Ga20, Ga30 hereafter. The equivalent
mass thickness is defined as the thickness of the layer
that would be formed if the evaporated material were uni-
formly distributed on the surface. The corresponding value
of the mean radius of the particles was estimated by trans-
mission electron microscopy (TEM) measurements on co-
evaporated samples and was about twice ds [5].

Linear transmittance (") spectra at room temperature
and at near-normal incidence were measured by a Varian
Cary 5E spectrophotometer in the wavelength range 0.3-
3 pm, with step of 1 nm. The spectral bandwidth (SBW) is
3 nm. For the typical value T' = 0.5, the absolute accuracy
in T is better than 1.5 x 102 and the repeatability in T
is about 1.5 x 1074

Second-harmonic generation was measured in trans-
mission and reflection with a femtosecond Ti:sapphire
laser at 800 nm, repetition rate 1 kHz, pulse duration
150 fs. The maximum pulse fluence on sample is 5 X
1072 J/cm? at the 0.9 mm diameter focal spot of the
4-m focussing lens used in the experiment. The SH signal
is detected by a photomultiplier, after passing through a
combination of color glass and interference filters to sup-
press the fundamental radiation.
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3 Results and discussion

Linear transmittance spectra of all samples from Gal
to Ga30 are shown in Fig. 1, where the arrow indicates
increasing dj; values. The spectra of the sapphire sub-
strate alone (dashed line) and covered with the SiO,, layer
(dotted line) are also shown. The dominant feature is
the absorption contribution from the surface plasma reso-
nance, which increases and broadens with increasing par-
ticle size. In the Maxwell-Garnett effective-medium ap-
proach for the layer composed by nanoparticles and matrix
the energy position of the plasma resonance peak equals
wp/ (142¢,,)/2, where wy, is the bulk plasma resonance of
Ga (about 14 eV) and &, is the real part of the dielec-
tric function of the matrix material. The FWHM of the
resonance is size-dependent and is inversely proportional
to the momentum relaxation time of conduction electrons
which decreases with particle size.

The quantitative analysis of these spectra has been de-
veloped in [5]. Here we only focus on the following features:
a) the surface plasmon resonance peak falls at our second-
harmonic wavelength (400 nm) for Ga thickness values das
between 10 and 20 nm; b) the azimuthal rotation ¢ of the
samples around their surface normal produces a slight os-
cillation in the T values, with a 180 degree period and
about 5% amplitude.

Absolute calibration of the measured SH values was
obtained by taking into account geometry, optical charac-
teristics of our experimental setup and detector sensitivity.
The SH signals detected both in reflection and transmis-
sion follow a quadratic law in the input fluence. The non-
linear radiation appears to be spatially coincident with
the pump in reflection and transmission. This has been
verified using a diaphragm in front of the detector. Fig. 2,
for example, illustrates the transmitted SH signal from
sample GalO versus laser intensity.
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Fig. 1. Linear transmittance spectra of the Ga nanoparticle
samples: the arrow indicates increasing das values from 1 to
30 nm. The dashed line refers to the sapphire substrate and
the dotted one to the substrate covered with a 50 nm SiO,
layer.
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Fig. 2. Transmitted SH signal versus fundamental intensity
for sample Gal0.

For a quantitative comparison of the SH genera-
tion efficiency, we have measured on the same appara-
tus the nonlinear reflectivity of crystalline GaAs(100) and
Si(100) surfaces, obtaining SH values of ~ 1072¢ and
~ 10722 m? /W, respectively. The maximum nonlinear re-
flectivity of our Ga samples lays in between these values,
i.e. 2.5 x 1072 m2/W.

Nonlinear reflection and transmission measurements
were performed on several sets of Ga nanoparticle sam-
ples at variable fluence levels. The data were collected at
normal incidence in transmission and at 2 degrees in reflec-
tion. Substrate samples, as well as substrates covered with
SiO, layers, have shown negligible SH generation both in
reflection and transmission. Nonlinear transmission mea-
surements have been performed by both varying the az-
imuthal angle ¢ at normal incidence and the incidence
angle 0 at fixed azimuth.

Fig. 3 summarizes the measurements of nonlinear
transmission versus the azimuthal angle ¢ with fixed input
linear polarization and for different equivalent monolayer
thicknesses das. All samples exhibit the same sin?¢ depen-
dence, where the zero in angle ¢ refers to a fixed orien-
tation of substrates in the deposition chamber. Note that
the maximum values rise above the minima up to a factor
of eight. When input circular polarization is applied, in-
stead, the observed oscillations are strongly reduced, due
to the compensation of two mutually perpendicular linear
polarizations.

This behavior was observed also in reflection with in-
put linear polarization. Typical results are shown in Fig. 4.
Note that maxima and minima occur at the same az-
imuthal angles as in transmission.

It is well known that for an isotropic active layer the
SH signal is negligible at normal incidence in reflection
and transmission [6,7]. The very presence of a SH signal at
normal incidence unambiguously reveals a broken surface
symmetry induced by the nanoparticle monolayers. More-
over, the 180 degree modulation of the SH signal observed
in linear polarization indicates an anisotropic structure of
the nanoparticle network. This behaviour is suggestive of
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Fig. 3. Nonlinear transmission versus azimuthal angle for sam-
ples with different Ga equivalent thickness: dyr = 3 nm (dia-
monds), 10 nm (circles), 20 nm (triangles) and 30 nm (squares).

oblate nanoparticles with a preferred orientation on the
surface.

Further insight can be gained by monitoring the non-
linear transmission intensity at a fixed azimuth angle by
varying the angle of incidence 0 of the radiation on the
sample surface. In this case, one explores the symmetry
of the layer around the surface axis perpendicular to the
incidence plane.

The SH signals have been also analyzed in polarization
and in the following are labelled as T,/ with z (y) refer-
ring to input (output) polarizations. In Fig. 5, for exam-
ple, the nonlinear transmissions T*7 and 7% measured at
fixed azimuthal angle (90 degrees) are shown as a function
of the incident angle 6 for the Ga20 sample. The T mea-
surements give rise to a quasi-parabolic dependence on 6
in the range explored. The T?; measurements exhibit the
same quasi-parabolic dependence but the enhancement at
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Fig. 4. Nonlinear reflection versus azimuthal angle for samples
with different Ga equivalent thickness: dys =3 nm (diamonds),
10 nm (circles), 20 nm (triangles) and 30 nm (squares).
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large angles is negligible with respect to T%7. The same
negligible SH signal is observed with the reference sample
(matrix layer on substrate). The strong angular depen-
dence of TP is a general trend of metallic materials with
high linear dielectric functions and has been described in

Ref. [6].

On the other hand, the input s-polarization response is
found to be almost negligible. We have checked that the
output SH signal in this case is completely p-polarized,
t.e. T’ ~ 0. This result is in line with the quasi con-
tinuous character of our nanoparticle monolayers. Indeed,
for a continuous film T7;} is exactly zero at all incidence
angles [8].

Moreover, it is found that 777 ~ T?. This means that

the second order susceptibility y(?) has extra off-diagonal
components.

In Figure 6, T?, for three different samples is illustrated
as a function of the angle of incidence. Here, a further ob-
servation is the angular position of the minimum which
varies with the nanoparticle size and shifts towards zero
with increasing djs. This can be interpreted as an indica-
tion of a non-symmetric positioning of nonspherical par-
ticles on the sample surface. In this respect, for example,
the major symmetry axis of the nanoparticles in Gab sam-
ple appears misaligned with respect to the surface plane
of about 13 degrees.

Note that the T;,; values measured at normal incidence
are coincident with those reported in Fig. 3 for ¢ = 90°.

The intensity of SH signals in reflection and transmis-
sion is strongly dependent on particle size. They have ap-
proximately the same dependence and reach comparable
values. Both intensity measurements exhibit a broad max-
imum occurring for dy; values between 10 and 20 nm. The
corresponding surface plasmon frequency is resonant with
the SH frequency, suggesting a dominance of surface gen-
eration mechanisms over bulk higher order contributions.
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Fig. 5. Nonlinear transmission of Ga20 sample versus angle
of incidence and with azimuth angle ¢ = 90 degrees with the
input/output polarizations indicated.
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Fig. 6. Nonlinear transmission versus angle of incidence for
different samples for input p-polarization and azimuth angle
¢ = 90 degrees: dyr = 5 nm (diamonds), 10 nm (circles), 20 nm
(triangles).

4 Conclusions

In this paper we have investigated the SH response of Ga
liquid nanoparticles using fs laser pulses. Nonlinear reflec-
tion and transmission coefficients have been evaluated for
several geometrical and polarization configurations. These
measurements are suggestive of asymmetric shapes but
correlated orientation of the nanoparticles. The same ob-
servations could not be deduced from linear transmittance
measurements. Only in few selected samples a slight az-
imuthal dependence of the transmittance has been barely
observed.

The body of SH observations is self-consistent and
leads to the notion of a statistically preferred orientation
of prolate Ga nanoclusters with the symmetry axis slightly
departing from the sample plane. The observations also
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reproduce themselves from sample to sample, irrespective
of the substrate material. This points towards the spe-
cific growth technique used as the principal responsible of
this anomaly. Work is in progress to further elucidate this
point.

These investigations demonstrate the extreme sensitiv-
ity of SH techniques in the determination of nanocluster
monolayer geometry and layout. The dependence of SH
signal on particle shape is also suggestive of a dominant
surface contribution to the SH signal. This can be ascribed
to local symmetry breaking due to a) particle shape asym-
metries and b) statistical fluctuations of particle size and
orientation [3].
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