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Abstract

Third-order nonlinear-optical properties of gold nanoparticles embedded in Al,O;, ZnO and SiO, have been investigated by the
Z-scan method at the wavelength of 532nm using nanosecond Nd**:YAG laser radiation. The nonlinear refractive index, nonlinear
absorption coefficient, and the real and imaginary parts of the third-order nonlinear susceptibility are deduced. The results of the
investigation of nonlinear refraction using the off-axis Z-scan configuration are presented and the mechanisms responsible for the
nonlinear response are discussed. The prevailing influence of the electronic Kerr effect over the possible thermo-optical contribution is

demonstrated.
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Metal nanoparticle systems like metal-doped glasses or
colloidal solutions are of considerable interest due to fast
response time on laser excitation [1,2] and large value of the
third-order nonlinear susceptibility, »*), responsible for
Kerr effect [3-6]. Optical nonlinearities of gold nanopar-
ticles were the subject of numbers of investigations during
the past decade. The different influence of nanoparticle
morphology (size and shape), preparation method (ion
implantation, RF-sputtering, chemical, sol-gel, etc.) to-
gether with laser radiation parameters (pulse duration,
repetition rate, wavelength, etc.) on the nonlinear optical
properties of materials were considered. The role of
surrounding matrix characteristics was also the subject of
numerous studies. Thus, for example, water [7-10], silicate
glass [3-5], BaTiO; [11], Al,O3 [12,13], LiNbO;3 [14], TiO,
[15] were applied for composite material optimization to
obtain appropriate values of the nonlinear optical coeffi-
cients.
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An important characteristic for practical material
application is the sign of the nonlinear refractive coeffi-
cient, y. It can be positive, when material behaves like a
focusing lens, and negative in the case where material
diverges laser radiation. The sign of the nonlinear
refractive index depends on both laser characteristics and
material ones.

Among the methods used for the investigation of
nonlinear optical parameters of materials are the optical
phase conjugation [1], degenerate four-wave mixing
(DFWM) [15], nonlinear interferometry [17], and also
one of the most comfortable and informative technique—
the Z-scan technique [18]. The latter allows determination
of both the value and the sign of nonlinear optical
parameters (nonlinear refraction and absorption coeffi-
cients), and that is an advantage over other methods such
as DFWM, that allows the measurement of the modulus of
%® only. Note that the DFWM technique was previously
applied for the determination of [3®| of Auw:AlLOs
materials in the vicinity of the SPR of gold nanoparticles,
but neither the imaginary and real parts of  nor their
sign could be measured [15].

In this paper the Z-scan technique was used for the
determination of the value and the sign of the imaginary
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and real parts of the third-order nonlinear susceptibility of
gold nanoparticles in Al,O3, ZnO and SiO».

2. Structural and optical characteristics of the samples

The samples with gold nanoparticles have been synthe-
sized by radiofrequency (RF) magnetron sputtering tech-
nique. The detailed descriptions of preparation procedures
are given in Ref. [19] for Al,Os, in Ref. [20] for ZnO and in
Ref. [6] for SiO,. In Table 1, the structural characteristics
of the investigated samples are collected. Analysis of the
absorption spectra of gold nanoparticles in three matrices
showed that SPR of gold nanoparticles are located in the
region of 525nm for Al,O; [19], 540 nm for ZnO [20] and
500 nm for SiO, [6].

3. Nonlinear optical measurements

A frequency-doubled Q-switched Nd*":YAG laser
(pulse duration: 7 ns, wavelength: 532 nm, repetition rate:
10 Hz) was used for the Z-scan experiments. The detailed
description of the experimental set-up is given in Ref. [21],
with an additional improvement consisting of adding a
second reference arm having exactly the same optical path
as the closed-aperture detection arm, except from the
sample, in order to reduce the detection noise stemming
from pulse-to-pulse beam pointing fluctuations, as pro-
posed in Ref. [22]. The peak intensity (lyg) range was
1 x 10°-2 x 10°W/cm? that was below the optical break-
down threshold for the samples investigated. As the linear
absorption of the samples studied was quite high, much
attention was given during the experiments to prevent
material optical breakdown and irreversible changes
produced by laser radiation [23,24]. The present experi-
ments were carried out at different radiation intensities for
several times at the same point on the sample surface to
ensure that there were no structural changes in materials,
what was confirmed by a good reproducibility of the results
obtained.

The closed-aperture Z-scan scheme [18] allows determi-
nation of the sign and the magnitude of the sample
nonlinear refractive index. The results of the measurements
of three samples are presented in Fig. 1. It is seen that the
sign of vy is positive (valley-peak profile [18]) for gold
nanoparticles in AlLO; (Fig. l1a) and SiO, (Fig. 1b) and
negative for gold in ZnO (Fig. Ic). The results regarding
the nonlinear refraction coefficient y and Rey® are
collected in the Table 2.

Table 1
Morphological and optical characteristics of the Au:Al,O; samples

Matrix Metal concentration Film thickness Mean nanoparticles size
(%) (nm) (nm)

Alumina 8 117 3.1

SiO, 8 141 2.6

ZnO 8.68 930
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Fig. 1. Z-scan profiles of the normalized transmittance measured for
Au:AlLO3 (a), Au:SiO; (b) and Au:ZnO (c) in the closed-aperture scheme.
Solid lines are theoretical fits to the experimental data. Note that the peak
intensity is different from one curve to the other: Ioo = 5.7 MW cm ™2 (a),
28 MW cm ™2 (b) and 8MW em ™2 (c).

The Z-scan scheme with an open aperture [18] was used
for the investigation of the nonlinear absorption process in
the samples. The results of the measurements are presented
in Fig. 2. One can see that the nonlinear absorption
coefficient [ is negative, signing an absorption saturation
process in Au:Al,O3 and Au:SiO,. For the sample Au:ZnO
nonlinear absorption signal was not observed. The
calculated values of § and the imaginary parts of 3 are
also presented in Table 2.

4. Discussion

Let us first consider the influence of nonlinearities of
pure matrices on the nonlinearity of the investigated
composite materials. Note, that experiments with pure
matrices did not show any signal demonstrating refraction
or absorption nonlinearities at the intensities used. The
values of y reported for matrices under consideration are
33x107°em* W™ for ALO; [25], =9 x 107" cm?*W™!
for ZnO [26] and 2.24 x 10~"°ecm> W™ for SiO, [27] at the
wavelength of 532nm. These data are much smaller than
that of the composite materials and therefore one can
conclude that the nonlinear optical response of the
investigated composite materials originates from gold
nanoparticles. We will now consider the possible mechan-
isms of nonlinear refraction in our samples.

A considerable contribution to the nonlinear refractive
index can stem from a thermal lensing effect, which can be
considered as a result of energy transfer from heated metal
nanoparticles to the whole medium [28]. Time which is
necessary for this process to be settled (z,) is determined by
the ratio of the focused laser beam radius (wg) to the value
of the sound velocity in the dielectric matrix (v). Taking
into account our experimental conditions (wy = 35 um for
Au in Al,O3 and SiO, and wy = 45 um for Au:ZnO) both
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Table 2
Nonlinear optical characteristics of gold nanoparticles

Matrix B (10 3cmW™) Imy® (1077 esu)

y (1072 em* W)

Rey™ (1077 esu) 1@ (1077 esu) ) (1078 esu)

Alumina —1.31
SiO, —0.12
ZnO <0.08

—5.33 7.62
—0.067 2.97
<0.044 —1.31

5.03 7.33 6.25
1.38 1.38 2.7
—1.47 1.47 2.46

1.02

1.01

1.00

Normalized Transmittance

0.99 T T T T T T T T T T T T 1

Z (cm)

Fig. 2. Z-scan profiles of the normalized transmittance measured for
Au:ALO; (a) and Au:SiO, (b) in an open-aperture scheme. Solid lines are
theoretical fits to the experimental data. Note that the peak intensity is
different from one curve to the other: Ipo=357MWcem 2 (a) and
28 MW cm ™2 (b).

with the values of sound velocity in the matrices used
(v = 6700ms ™" for Al,O5[29], 6590ms~" for ZnO [30] and
5939ms~! for SiO,) the value of ¢, were calculated to be
5.2, 5.8 and 5.9 ns, respectively. These times are very close
to the value of pulse duration used in the experiment
(t = 7ns). This shows the importance of thermal effect to
be taken into account when considering the origin of the
nonlinearities observed. It should be also noted that it is
possible to generate a cumulative thermal effect if high
repetition rate lasers are used (kHz or MHz [31]). However,
in our experiments laser radiation with a low repetition rate
(10 Hz) was used, thus preventing the appearance of such a
cumulative effect.

To analyze the mechanisms responsible for nonlinear
refraction in investigated samples the measurement of the
time-dependence of the signal transmitted through the
sample and the aperture in the off-axis scheme, by using
fast photodiode detectors (response time: ~500 ps). This
method was applied earlier in experiments with colloidal
gold [28], where the temporal and amplitude shift of the
transmitted pulse maximum was observed. The experi-
mental conditions were the same as those used for the
results of Fig. 1 except the aperture position with respect to
the optical beam axis. The aperture was shifted to the
radial distance of 4-5Smm. The sample was kept at
the position z of maximum transmission (Fig. 1). The
signal and reference (proportional to the incident pulse)

oscilloscope traces are presented in Fig. 3. One can see that
the only change concerns the amplitude of the transmitted
pulse, without any temporal shift of the maximum. This
allows us to conclude that the third-order nonlinear
response of investigated materials was due to prevailing
influence of pure electronic effect. As a pure electronic
Rey® is frequency dependent and its sign depends on the
correspondence between SPR maximum and the wave-
length of radiation used, SPR location for three matrices is
different and for alumina and SiO, it is above the
wavelength of laser radiation and for ZnO it is below.
We think it is the reason why the sign of Rey®® is positive
for alumina and SiO,, and negative for ZnO.

Let us now examine the intrinsic nonlinear susceptibility
of the gold nanoparticles 3% [16]:

12 =l ()
where fis the local field factor, which can be expressed for

an isolated metal particle surrounded by a dielectric matrix,
as

38d
f=—"
&m + 2l("d

where ¢4 and ¢, are the dielectric functions of the matrix
and the metal, respectively. Eq. (2) can be applied for
materials having a low metal concentration, like our
present samples (p=8%). Indeed, while it has already
been shown that with increasing metal amount the local
field factor diverges from the value given by Eq. (2), the
discrepancy remains weak in the case of a Au:SiO, medium
with p = 8% [32-34]. We suppose that this is also the case
for Au:Al,O5 and Au:ZnO. Note that the possible influence
of quantum size effects on the value of ¢, will be
disregarded here, as we just aim at extracting the order of
magnitude of the complex value of % from our experi-
ments. From the values of Imy® and Rey¥, the value of
17®| was calculated (see table 2). Using Eqgs. (1) and (2) at
A = 532nm, we calculated also the modulus of the intrinsic
nonlinear susceptibility of metal nanoparticles. These
results are also included in Table 2. It should be noted
that obtained results are in good agreement with other
values found in the literature (5x 10 %esu for Au:SiO,
[16], 2-4 x 10 % esu for Au:H,O [35]).

As one can see from Table 2, for Au nanoparticles in
alumina, both imaginary and real parts of %® have
approximately the same contributions to ¥, but for other
samples the value of »*® is mostly real. The possible reason
for this is that the wavelength used is closer to SPR of Au
nanoparticles in alumina than SPR of Au nanoparticles in

(@)
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Fig. 3. Temporal profiles of the pulses transmitted through the sample (2) and off-axis aperture with respect to the temporal profiles of the reference pulses

(1) for Au:AlL O3 (a), Au:SiO; (b) and Au:ZnO (c).

other two matrices. It leads to the higher linear absorption
in Au:alumina sample and, respectively, higher absorption
saturation process. Additional investigation will be done to
clarify the question of absence of absorption saturation in
Au:ZnO.

5. Conclusion

The optical nonlinearities of composite materials with
gold nanoparticles have been measured by the Z-scan
technique using nanosecond radiation of a pulsed
Nd**:YAG laser at 1 = 532nm. The real and imaginary
parts of the material third-order nonlinear susceptibilities
and the modulus of the third-order nonlinear susceptibility
of particles themselves have been deduced. The temporal
analysis of the radiation transmitted through the samples
showed the prevailing influence of pure electronic origin of
the third-order nonlinearities measured in this paper. The
values of |7¥| measured in this paper are in a good
agreement with those measured by other authors.
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