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NONLINEAR OPTICAL PHENOMENA
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Nonlinear absorption of visible light
in silicate glasses doped with copper nanoparticles

R.A. Ganeev, A.l. Ryasnyanskii, A.L. Stepanov, T. Usmanov

Abstract. The nonlinear absorption of light by silicate glasses
doped with copper nanoparticles is studied. Two-photon and
saturated absorptions were observed simultaneously and
interpreted. The measured two-photon absorption coefficient
was 6 x 10 % cm W' and the saturation intensity was
43 x10° W em 2.

Keywords: nonlinear absorption, nanoparticles, two-photon absorp-
tion.

1. Introduction

The nonlinear-optical properties of metal nanoparticles
attract great attention because they are promising for
applications in optoelectronics [1—3]. The study of the
optical properties of silver [4, 5], gold [3, 5], cobalt [6],
platinum [7], and copper [4, 5, 8—12] nanoparticles doped
into dielectric matrices are of most interest. Copper
nanoparticles exhibit the giant third-order nonlinear
susceptibility achieving 10~ — 10~ CGSE units [8, 9].
Modern technologies using ion implantation make it pos-
sible to fabricate glass matrices doped with nanoparticles at
concentrations providing good nonlinear-optical properties
of the matrices. Such composition structures with the high
Kerr susceptibility in the picosecond range can find appli-
cations in ultrafast optical switches and limiters [4].

The z-scan method is a convenient tool for studying the
nonlinear-optical properties of materials [13]. This method
was used to study the dependences of the nonlinear ref-
ractive index [11], third-order nonlinear susceptibility and
the time response to an external perturbation [10, 12] on the
characteristic size of nanoparticles and the conditions of
their synthesis [4, 5, 9]. In such composition materials,

R.A. Ganeev, T. Usmanov ‘Akadempribor’ Research and Production
Association, Academy of Sciences of Uzbekistan, Akademgorodok,
700143 Tashkent, Uzbekistan;

A.L Ryasnyanskii A. Navoi Samarkand State University, ul. Farobi 29,
703004 Samarkand, Uzbekistan; e-mail: ryasn2000@yahoo.com;

A.L. Stepanov E.K. Zavoiskii Kazan’ Physicotechnical Institute, Rus-
sian Academy of Sciences, 420029 Kazan’; present address: Institute for
Experimental Physics and Erwin Schrodinger Institute for Nanoscale
Research, Karl-Franzens-University Graz, Universitatzplatz 5, A-8010
Graz, Austria; e-mail: andrey stepanov(@uni-graz.at

Received 18 December 2002; revision received 14 April 2003
Kvantovaya Elektronika 33 (12) 1081—1084 (2003)
Translated by M.N. Sapozhnikov

nonlinear processes can occur, which are caused by absorp-
tion saturation manifested in an increase in the transparency
of a material irradiated by a high-power laser and by two-
photon absorption resulting in a decrease in the material
transparency in the field of an intense wave [3, 4]. These
processes determine significantly the optical properties of
dielectrics containing metal nanoparticles and, hence, are
important for practical applications.

In this paper, we present the result of our study of the
properties of nonlinear absorption in the visible range (at
532 nm) near the maximum of linear absorption of light
caused by the surface plasma resonance in copper nano-
particles [1] embedded into a silicate glass by ion
implantation.

2. Experimental

The nonlinear-optical absorption of light by copper nano-
particles was measured using a z-scan setup described in
detail in Ref. [14]. We used 532-nm, 55-ps, 0.3-mJ second-
harmonic pulses from a Nd: YAG laser. To avoid the
influence of heating on the experimental results, the pulse
repetition rate did not exceed 2 Hz. The laser power density
on samples was 5 x 105—3 x 10" W cm 2. Note that at
higher densities the optical breakdown occurred.

As a composition material, we used a SiO, silicate glass
(Heraeus, Germany), which did not exhibit nonlinear-
optical properties. A substrate was made in the form of
a 2 x 2-cm plate of thickness | mm. Cu™ ions in an ion
beam were implanted at a pressure of 10~° Torr and at the
energy of 50 keV. The implantation dose was 8.0 x 10
jon cm™? and the current density in the ion beam was
10 pA cm 2. The average size of copper nanoparticles
synthesised in the SiO, — Cu glass was estimated by the
method of X-ray reflectometry in the regime of angular
dispersion mode [15]. Composition samples were analysed
by small-angle X-ray scattering. The average size of copper
nanoparticles measured by this method was 3.5-4.5 nm.
The penetration depth of copper nanoparticles in glasses did
not exceed 60 nm [16]. The transmission spectra of samples
were recorded with a Lambda-19 Perkin Elmer spectropho-
tometer in the region from 300 to 1100 nm. The formation
of copper nanoparticles is confirmed by the appearance of
the absorption bands in the region between 550 and 600 nm
in the transmission spectra of implanted glasses (Fig. 1),
which are related to the surface plasma resonance in copper
nanoparticles [1].
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Figure 1. Transmission spectra of the SiO, glass before and after
implantation of Cu.

0.99

z/cm

Figure 2. Dependence of the normalised transmission 7" on the position
of the SiO, — Cu glass sample in the open-aperture scheme for the laser
power density of 5.35 x 10° W ecm ™2 (solid curve is calculations, squares
are experimental data).

3. Results and discussion

Figure 2 shows the experimental dependence of the
normalised transmission 7(z) on the position of a
SiO, — Cu sample with respect to the focus of a lens in
a scheme with an open aperture for the laser power density
equal to 5.35 x 10° W cm 2.

The open-aperture scheme allows one to study the
imaginary part of the complex nonlinear third-order sus-
ceptibility responsible for nonlinear processes related to
saturated and two-photon absorption. In particular, when
only two-photon absorption is present, the dependence 7'(z)
observed during the moving of a sample along the focal
plane of the beam along the z axis behaves as follows. When
the sample is located far from the focus, the laser radiation
intensity is relatively small, and only linear absorption is
observed. In this case, the normalised transmission is close
to unity. When the sample approaches the focus, the
intensity of focused laser light increases and transmission
in the sample decreases, achieving its minimum in the focus.
The movement of the sample along the z axis behind the
focus leads to a decrease in two-photon absorption and an
increase in transmission. As a result, a characteristic
dependence T'(z) appears in the form of an upset bell
located near the lens focus. If saturated absorption appears
when the sample approaches the lens focus, transmission in
the sample increases, unlike the case of two-photon absorp-
tion. The dependence 7'(z) will again have the form of a bell,
however, in a normal position. Therefore, the form of the
curve T'(z) shows the sign of nonlinear absorption.

By analysing a system of metal nanoparticles by the
method of degenerate four-wave frequency mixing, the
authors of Refs [17, 18] assumed that, if the laser frequency
is close to the frequency of the surface plasma resonance of
nanoparticles in the case of one-photon resonance, then the
nonlinear absorption is negative. At the same time, we
cannot make from the dependence observed in our experi-
ment (Fig. 2) an unambiguous conclusion about the
manifestation of only two-photon absorption or saturated
absorption. One can see from Fig. 2 that the normalised
transmission is close to unity far from the focus, and the
function T'(z) increases when the sample approaches the
focus, indicating to the presence of saturated absorption.
However, the value of T'(z) drastically decreases when the
sample further approaches the focus and the close vicinity of
the focus, which demonstrates the influence of two-photon
absorption. Therefore, the type of the dependence T'(z)
shows that nonlinear absorptions of the opposite signs are
present simultaneously.

In the general case of the presence of two nonlinear
absorptions of opposite signs in a material, the absorption
coefficient « can be written in the form [19]

o = ONA T ATA, M

where agn and o, are the saturated and two-photon
absorption coefficients, respectively, each of the coefficients
containing the linear absorption coefficient a.

The saturated absorption coefficient can written in the
form [20]

1

= 0 P ——— 2
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where I, and [ are the saturation intensity and the incident
radiation intensity, respectively. The absorption coefficient
oy was obtained by measuring the linear absorption at
532 nm and was ~ 62000 cm~'. In the absence of nano-
particles, the absorption coefficient of the glass was
~0.5cm™'.

The dependence of o on I can be written in the form

ara(f) = o9 + B, (©)

where f§ is the two-photon absorption coefficient.

Therefore, the general expression for the absorption
coefficient in the presence of two-photon and saturated
absorption takes the form

(1) + B €

:(XO—’_“O l+[/1abs

The best fit of the experimental data was obtained for
B=6x10"°cm W! and the saturation intensity I, =
4.3 x 10> W ecm 2 (solid curve in Fig. 2). Note for compari-
son that nonlinear absorption in a silicate glass containing
copper nanoparticles was observed (the surface plasmon
resonance wavelength was 565 nm) in Ref. [8] using 6-ns
pulsed dye laser tunable in the range from 570 to 600 nm.
The measured coefficient  was varied in the range (0.1 — 1)
x 107 cm W', i.e., it was an order of magnitude lower
than that obtained in our paper.

Note that saturated absorption (2) is characterised by
the saturation intensity I,,,. The typical ratio of the laser
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power density 7= 5.35x 10° W cm™2 used in our experi-
ments to I, = 4.3 x 108 W em™2 for the glass studied in
our paper was 12.5. Because the ratio 7/, greatly exceeds
unity, we see that strong optical saturation is observed. This
suggests that glasses doped with metal nanoparticles are
promising as elements for mode locking.

Figure 3 shows the dependences 7'(z) calculated for
values of f varied from 25x10° to 84x10°°
cm W', the other parameters, o, I, and I, being
fixed. This range of f§ was chosen to observe the simulta-
neous influence of nonlinear absorptions of the opposite
signs (if f > 8.4 x 107® cm W', then two-photon absorp-
tion dominates, whereas saturated absorption dominates
when f<25x10%cm W™!). When the two-photon
absorption coefficient is small (f=2.5x 10"° cm W),
the nonlinear process is completely determined by saturated
absorption, whereas for the values of f in the range
(4 —6) x 107 cm W™, the superposition of the two non-
linear processes of the opposite signs is observed.

T ; 1-f=25%x10"% cm W!
110 F 2-f=42x10"5 cm W!
3-p=58x10"%cm W!
4-B=84x10"% cm W'
1.05
1.00
0.95
0.90 1 1 1 1 1 1
-6 -4 -2 0 2 4 z/em
Figure 3. Dependences of the normalised transmission 7' of the

Si0, — Cu glass sample on its position z calculated for different values
of f.

Consider the possible reasons for nonlinear absorption
in a medium containing metal nanoparticles. Laser radiation
in the spectral region of the surface plasma resonance of
nanoparticles is absorbed directly by the nanoparticles,
provided the matrix is transparent in this spectral region.
A part of the energy absorbed by noble metal nanoparticles
is spent to excite the d electrons to the conduction band,
while the remaining part is absorbed in the case of the
surface plasmon resonance during interband transitions of
conduction electrons. At the same time, conditions appear
for the production of hot electrons [21]. It is the contribu-
tion of hot electrons to the third-order nonlinear
susceptibility of copper nanoparticles that was considered
in Ref. [22] as dominating when the laser frequency was
close to the surface plasma resonance of copper nano-
particles. It is possible that the properties of two-photon and
saturated absorption observed in our paper are also caused
by the contribution from hot electrons. However, at present
there is no generally accepted point of view in the literature
about the role of nonlinear mechanisms in the optical
properties of metal nanoparticles.

A simultaneous manifestation of saturated and two-
photon absorption was earlier observed in Ref. [23] in

organic compounds irradiated by 532-nm, 88-ps second-
harmonic pulses from a Nd: YAG laser. The authors of
paper [23] interpreted their experimental results with the
help of a three-level model and considered the electronic
transitions upon absorption from excited levels, i.e., they
considered the effect of excited states on nonlinear pro-
cesses. The authors of Ref. [24] observed a superposition of
saturated absorption and inverse saturated absorption in a
solution containing gold nanoparticles irradiated by 532-
nm, 35-ps laser pulses. Unfortunately, the nonlinear mecha-
nisms of experimental effects observed in Ref. [24] were not
identified. The manifestation of only two-photon absorption
or saturated absorption was also observed for copper —silver
alloy nanoparticles embedded by ion implantation into a
silicate glass [25]. The presence of one or another absorption
depended on the fraction of each of the metals in the
composition of nanoparticles. However, nonlinear absorp-
tions of the opposite signs were not observed simultaneously
in this paper. The reasons for the change in the sign of
nonlinear absorption were not explained as well.

The dynamics of the contributions of two-photon and
saturated absorption depending on the laser radiation
intensity in the lens focus is as follows. At low radiation
intensities, only two-photon absorption is observed. As the
radiation intensity increases, saturated absorption appears,
which later dominates. As an example, Fig. 4 shows the
dependence T'(z) obtained in the open-aperture scheme (for
convenience, only a part of a complete symmetric curve
obtained upon the z-scan is presented) for the incident
radiation intensity equal to 2.5 x 10'© W cm ™2, which is five
times greater than the radiation intensity used in the
previous experiment (Fig. 2). One can see from Fig. 4
that saturated absorption dominates over the entire length
of the z axis. Note that similar results can be obtained using
the limiting-aperture scheme. For example, for the laser
power density equal to 2.5 x 10° W cm ™2 (i.e., half the value
in Fig. 2), two-photon absorption affects the shape of the
curve T(z), which is typical of a medium with the negative
nonlinear refraction index [13], i.e., with the transmission
peak observed before the focus and the hole after the focus
(Fig. 5). This result should be expected according to the
analysis describing the sequence of manifestations of diffe-
rent absorption processes with increasing radiation
intensity. Note that we found earlier the negative value
of n, in the SiO, — Cu glass at a wavelength of 1064 nm [26].
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Figure 4. Dependence of the normalised transmission 7" of the SiO, — Cu

glass sample on its position z in the open-aperture scheme for the

incident laser power density of 2.5 x 10" W cm™2.
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Figure 5. Dependence of the normalised transmission 7 of the SiO, — Cu
glass sample on its position z in the limiting-aperture scheme for the
incident laser power density of 2.5 x 10° W cm™2.

23.

Rangel-Rojo R . Stranges L. Kar A.K., Mendes-Rojas MLA.,
Watson W.I=. Cpt. Comimun , 203, 385 (2002).

f&24.  Philip R., Kumar G.R., Sandhyarani N., Praceep T. Phys. Rev.
B, 62, 13160 (2001).
[M&25. Magruder R.E. [l Osborne D.JH. Jr., Zuhr R.A. J. Non.-Cryst.

Sol., 176, 299 (1994).
26. Ganeev R.A., Ryasnyanskii A.I., Stepanov A.L., Kodirov M.K.,
Usmanov T. Opt. Spektrosk., 95, 832 (2002).

4. Conclusions

We have simultaneously observed and studied two-photon
and saturated absorption in a glass doped with copper
nanoparticles irradiated by a laser at 532 nm. As the laser
power density increases (I > 2.5 x 10'® W ¢cm™?), saturated
absorption becomes dominant and determines the propa-
gation of radiation in the composite glass. The saturation
intensity and two-photon absorption coefficient are esti-
mated in model calculations as 4.3 x 10° W cm™? and
6 x 107 W ecm ™!, respectively.
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