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Abstract. Composite materials containing metal nanoparticles (MNPs) are now considered as
a basis for designing new photonic media for optoelectronics and nonlinear optics. One of the
promising methods for fabrication of MNPs is ion implantation. Review of recent results on
nonlinear optical properties of cupper, silver and gold nanoparticles in various transparent di-
electrics and semiconductors as glasses and crystals are presented. Composites prepared by
the low energy ion implantation are characterized with the growth of MNPs in thin layer of irradi-
ated substrate surface. Fabricated structures lead to specific optical nonlinear properties for
femto-, pico- and nanosecond laser pulses in wide spectral area from UV to IR such as nonlinear
refraction, saturable and two-photon absorption, optical limiting. Nonlinear properties of im-
planted composites in near IR are considered in details.

1. INTRODUCTION

The search for new nanostructured materials is one
of the defining characteristics of modern science
and technology [1-6]. Novel mechanical, electrical,
magnetic, chemical, biological, and optical devices
are often the result of the fabrication of new
nanostructured materials. The specific interest of
this review is recent advantages in optical science
and technology, such as development of nonlinear
optical random metal-dielectric and metal-semicon-
ductor composites based on metal nanoparticles
(MNP) synthesized by ion implantation. Simulta-
neously with the search for and development of novel
technologies intended for nanoparticle synthesis,
substantial practical attention has been devoted to
designing techniques for controlling the MNP size.
This is caused by the fact that the optical proper-
ties of MNPs, which are required for various appli-

cations, take place up to a certain MNP dimension.
In this content, ion implantation nanotechnology
allows one to fabricate materials with almost any
MNP structures, types of metals and their allows
[7-9]; this opens new avenues one in engineering
nanomaterials with desired properties. Such com-
posites possess fascinating electromagnetic prop-
erties, which differ greatly from those of ordinary
bulk materials, and they are likely to become ever
more important with a miniaturization of electronic
and optoelectronic components.

Nonlinear optics plays a key role in the imple-
mentation and development of many photonics tech-
niques for the optical signal processing of informa-
tion at enhanced speed. The fabrication of novel
useful nonlinear optical materials with ultrafast time
response, high resistance to bulk and surface laser
damage, low two-photon absorption and, of course,
large optical nonlinearities is a critical for implemen-
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Fig. 1. Plot of various photonic materials showing
their switching energies and switching speed.
Adapted from [11,13].

tation of those applications. In additional, nonlinear
materials for optical switching should be manufac-
tured by processes compatible with microelectron-
ics technology. Nonlinear materials with such char-
acteristics are interesting for waveguide applications.
The earliest studies of optical analogs to electronic
]EK<>I8K<;�:]I:L]KJ�W�FI�]EK<>I8K<;�FGK]:J�W�N<I<
based on the recognition that waveguide geometries
allowed the most efficient interaction of light with
materials. Optoelectronic devices could be converted
to all-optical configurations, with a number of tech-
nological advantages, by developing waveguide
media with intensity-dependent refractive indices.
Nonlinear optical switches must provide conversion
of laser signal for pulse duration as short as from
nano- to femtoseconds. The nonlinear properties of
MNP-containing materials stem from the depen-
dence of their refractive index and nonlinear absorp-
tion on incident light intensity. Giant enhancement
of nonlinear optical response in a random media
with MNPs is often associated with optical excita-
tion of surface plasmon resonances (SPR) that are
collective electromagnetic modes and they are
strongly dependent on the geometry structure of the
composite medium [4]. Therefore, MNP-containing
transparent dielectric and semiconductor materials
can be effectively applied in novel integrated opto-
electronic devices.

Although both classic and quantum-mechanical
effects in the linear optical response of MNP com-
posites have been studied for decades [4], the first
experimental results on the nonlinear optical effects
in MNPs in ruby-glass was obtained quite recently
in 1985 by Ricard et al. [10]. Driven by the interest
in creating nonlinear optical elements with MNPs
for applications in all-optical switching and comput-
ing devices, variety of experimental and theoretical
efforts have been directed at the preparation of com-
posite materials. In practice, to reach the strong
linear absorption of a composite in the SPR spec-
tra region, attempts are made to increase the con-
centration (filling factor) of MNPs. Systems with a
higher filling factor offer a higher nonlinear suscepti-
bility, when all other parameters of composites be-
ing the same.

MNPs hold great technological promise because
of the possibility of engineering their electronic and
optical properties through material design. The metal
of choice are usually gold, silver, or copper, as these
metals show SPP modes in the visible or near-in-
frared spectral range [4]. The advantages of devices
based on MNP materials can be understood from
the spectacular successes of quantum well materi-

als [11,12]. The capability of band gap engineering
in these structures permits wavelength tuning, while
their small size alters the electronic structure of
these particles. This provides greater pumping effi-
ciency and lower overall threshold for applications
in optical limiting and switching. The potential ad-
vantages of MNP composites as photonic materi-
als are substantial improvement in the signal switch-
ing speed. Up to 100 GHz repetition frequencies
are expected in communication and computing sys-
tems of the 21th century [11]. Fig. 1 compares in
graphical form the switching speed and switching
energies of various electronic and optical materials
and devices (adapted from [11,13]). Within the broad
I8E><�F=�G8I8D<K<IJ�:FM<I<;�9P�X:FEM<EK]FE8C�J<D]	
:FE;L:KFI�D]:IF<C<:KIFE]:JY��:LII<EK�D<K8C	FO];<	
semiconductor field-effect transistor devices made
in silicon have low switching energies, but switch-
ing time in the nanosecond range. Photonic devices
based on multiple quantum well (MQW) structures
W�.  ��8E;�"8�J�(,2�;<M]:<J�8E;�!89IP	+<IFK
(FP) cavities based on ferroelectric such as lithium
E]F98K<�W�?8M<�<OKI<D<CP�CFN�JN]K:?]E>�<E<I>]<J�]E
comparison to MNPs, but relatively slow snitching
speed [11,12].

Firstly Davenas et al. realized synthesis of
MNPs in dielectrics by ion implantation in 1973
[14,15], when nanoparticles of various metals (so-
dium, calcium, etc.) in ionic crystals of LiF and MgO
were created. Late in 1975, noble metal nanoparticles
as Au and Ag were fabricated in silicate glasses by
Arnold and Borders [16,17]. As shown in reviews
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[7-9,18-23], now developments expanded from the
singe metal implants to the use for formation of com-
pounds, including metal allows and totally different
composition precipitate inclusions. Implanted MNP
were fabricated in various materials, as polymers,
glass, artificial crystals, and minerals.

Number of publications on nonlinear optical prop-
erties of MNPs fabricated in transparent dielectric
and semiconductor matrixes is increasing every
year. There are some review articles observed partly
this progress [11,18,19,24,25]. Unfortunately, some
of this reviews are already quite old and do not re-
flect a modern knowledge of the field or restricted to
numbers of selected publications. However, as fol-
lowed from a comprehensive list of publications pre-
sented in Table 1 until 2011 [26-117], the geography
of interest to nonlinear properties of ion-synthesized
MNPs covers all world continents. The data in Table
1 includes information on all known types of metal
ions and transparent matrices, ion implantation con-
ditions for fabrication of MNPs and for measurements
of their optical properties. Nonlinear optical charac-
teristics of composites such as nonlinear refraction
(n2) and absorption (�) coefficients, real (Re[�(3)])
and imaging parts (Im[�(3)]) of third order nonlinear
susceptibilities (�(3)) and saturation intensities (Isat)
are presented as well. As shown in Table 1, near
one hundred articles were already published. It
should be mention, that ion implantation technique
was first used for ion-synthesis of MNPs in dielec-
trics to create nonlinear optical materials in 1991 to
form copper and gold nanoparticles in silica glass
[42,100]. The present review focuses on advantages
in nonlinear optical properties of MNPs fabricated
generally by low-energy ion implantation and mea-
sured near IR spectral area.

2. OPTICS OF METAL
NANOPARTICLE COMPOSITES

The nonlinear optical response of medium with MNPs
can be described by expanding the i-th component
of the polarization P induced by an applied optical
field to third order in a power series in the applied in
the applied electric field E = E0e

lex [11,12]

i y j yk j k yki j k i
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P E E E E E E(1) ( 2 ) (3 ) ... ,� �  �  � � � �  (1)

where the summation indices refer to Cartesian
conditions in the material-dependent �(q) and to the
polarization of the applied optical field.

The first-order susceptibility �(1) is related to the
linear refractive index n0 and the linear (Lambert-
�<<IZJ�C8N��89JFIGK]FE�:F<==]:]<EK�K?IFL>?�K?<�=FC	
lowing equation [13]
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where c�W�JG<<;�F=�K?<�C]>?K��� - the optical fre-
quency. The value �(3) of a centrosymmetric com-
posite has an analogous relationship to the nonlin-
ear coefficients n2 and �[45]
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The susceptibility �(3) is a fourth-rank tensor with
eighty-one components; however, material symme-
tries often reduce the number of non-vanishing com-
ponents substantially.

For a MNP with a dielectric constant 
(�) =

1(�)+i
2(�) occupying a relative volume fraction (fill-
ing factor) p << 1 in a host of dielectric constant 
h,
the absorption can be presented as [45,118]
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where the f1(�) is the mean-field enhancement fac-
tor. The linear absorption coefficient has a maxi-
mum at the SPR frequency [4] where 
1(�)+2
h(�)=0.

The third-order nonlinear optical susceptibility of
the dielectric medium with MNPs �eff

(3) can be de-
I]M<;�9P�8GGCP]E>�(8ON<CCZs equations to the first
order in the electromagnetic field to yield [3,119]

h h

eff met

h h

met

p

p f f

2 2

(3 ) (3 )

1 1

2 2 (3 )

1 1

3 3

2 2

,


 

� � � �


 
 
 


�

! (� %
� &" 

# *   (5)

where f1 is the same local-field enhancement factor
of the polarization describing the �(1) near or at the
SPR. This equation shows that the nonlinearity of
composites with MNPs comprises two factors: the
nonlinearity due to the MNPs itself, and the enhance-
ment contributed by the host matrix. Note that
whereas the 
0 varies as |f1|

2, the �eff
(3) varies as

|f1|
2f1

2. Hence, it is expected a significantly greater
enhancement due dielectric nonlinearity in the �eff

(3).
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3. NONLINEAR OPTICAL
PROPERTIES OF ION-
SYNTHESIZED NANOPARTICLES
NEAR IR-AREA (1064 NM)

3.1. Nonlinear absorption and optical
limiting of MNPs studied by
Z-scan

In numerous studies, the nonlinear optical charac-
teristics of the composite materials with MNPs fab-
ricated by various methods were generally studied
using lasers operating at frequencies that corre-
spond to the spectral range of the SPR in particles
[119] and Table 1. On other hand, one should take
into account that, when used in practice as optical
switches, optical limiters, and so on, these nonlin-
ear materials should operate at the wavelengths of
the most frequently used industry available lasers,
such as Nd:YAG (� = 1064 nm), Ti:Al2O3 (�= 800
nm), and so on. Hence, in order to create new ma-
terials promising for practical use in laser systems
and integral optics and to optimize their character-
istics, one should study the nonlinear optical prop-
erties of these materials not only in the SPR spec-
tral region, but also at the frequencies specific for
industrial lasers. Materials characterized with non-
linear properties in near IR are now searching for
applications in the field of telecommunication.

Here, recent results on nonlinear optical proper-
ties of copper and silver nanoparticles [62-65], syn-
thesized by ion implantation in glass host matrices
studied by the classical Z-method [120,121] at the
wavelength of a picosecond mode-locked Nd:YAG
laser (�= 1064 nm) are presented. The used Z-scan
setup is presented in Fig. 2. Laser pulse duration
was 35 ps, pulse energy 1 mJ and 2-Hz pulse rep-
etition rate. Our radiation had a spatial distribution
close to Gaussian. Laser radiation was focused by
a 25-cm focal length lens (1) onto the samples (2).
The beam-waist diameter of the focused radiation
was measured to be 90 �m using a CCD camera.
The samples were transferred in steps of 2 nm along
Z-axis when scanning focal region. The maximum
laser intensity at the focal point was 3\1010 W/cm2,
whereas the intensities of optical breakdown were
6\1010 W/cm2 and 8\1010 W/cm2 for the glasses
with copper and silver nanoparticles, respectively.
The fluctuations of the laser energy from pulse to
pulse did not exceed 10%. The energy of single
laser pulses was measured by a calibrated photo-
diode (3). The samples were moved by a translation
stage (7) along the Z-axis. A 1-mm aperture (A) with

1% transmittance was fixed at the distance of 100
cm from the focusing plane (closed-aperture
scheme). A photodiode (5) was kept behind the ap-
erture. The radiation energy registered by photodiode
(5) was normalized relative to the radiation energy
registered by photodiode (1) in order to avoid the
influence of non-stability of laser parameters. The
experimental data accepted as normalized trans-
mittance T(z). The closed-aperture scheme allowed
the determination a value of n2 and the open-aper-
ture scheme was used for the measurements a value
of �.

The samples with copper were prepared by Cu-
ion implantation into amorphous SiO2 and soda lime
silicate glasses (SLSG) as described in details [65].
The energies of 50 keV and dose 8\1016 ion/cm2

and at a beam current density of 10 �A/cm2 were
used. The penetration depth of the MNPs in the
glasses for given energy of implantation was not
exceed 80 nm. Optical transmittance spectra of
implanted samples Cu:SiO2 and Cu:SLSG are pre-
sented in Fig. 3. MNPs such as Cu in dielectric
medium show optical absorption determined by SPR
[4]. The spectra are maximized near 565 nm Cu:SiO2

and 580 nm for Cu:SLSG that gives evidence for
formation of the Cu nanoparticles in the glasses.
Depending on the ion implantation conditions, the
incorporation of accelerated ions into silicate glasses
leads to the generation of radiation-induced defects,
which can initiate reversible and irreversible trans-
formations in the glass structure [6]. This can re-
sult in structural imperfections of different types,
such as the generation of extended and point de-
fects, local crystallization and amorphization, the
formation of a new phase either from atoms involved
the glass structure or from implanted ions, etc. In
particular, the formation of MNPs in the glass brings
about an increase in its volume and the generation
of internal stresses within an implanted layer. The
radiation-induced defects are responsible for an in-
crease in the absorption in the range of the UV fun-

Fig. 2. Experimental Z-scan setup for nonlinear
measurements.



128 A.L. Stepanov

Fig. 3. Transmittance spectra of (1) SiO2 and (2) SLSG before and after Cu-ion implantation with energy of
40 keV and dose of 8\1016 ion/cm2 (3) Cu:SiO2 and (4) Cu:SLSG [65].

Fig. 4. Normalized transmittance as a function of
the Z-position of Cu:SiO2 and Cu:SLSG compos-
ites in the z-scan scheme with an open aperture.
Samples fabricated by Cu-ion implantation with en-
ergy of 40 keV and dose of 8\1016 ion/cm2. Laser
intensity is 8\109 W/cm2 and pulse duration is 35
ps [65].

damental absorption edge in the spectrum of the
glass. In our case, this effect can be observed in
the short-wavelength range of the optical transmit-
tance spectra displayed in Fig. 3. It should be noted
that, presented here nonlinear optical study were
performed upon exposure of the samples to laser
radiation at a wavelength of 1064 nm, which lies far
from the UV spectral range of the linear absorption
attributed to the SPR and interband transitions in
MNPs and glasses. For this reason, in what fol-
lows, the contributions associated with interband
transitions and radiation-induced defects will be
eliminated from the analysis of the experimental
results.

Fig. 4 shows the experimental dependences of
the T(z) measured for both glasses containing cop-
per nanoparticles in the Z-scan scheme with an open
aperture [65]. Recall that the measurements car-
ried out in this scheme make it possible to deter-
mine the nonlinear coefficient �. Silicate glasses
did not demonstrated the nonlinear absorption at
applied laser intensities. It can be seen from Fig. 4
that the experimental dependences T(z) exhibit
specific features inherent in nonlinear absorption:
the T(z) decreases as the focal point is approached
and reaches a minimum at Z = 0. Each point in the
graphs was obtained by averaging over the values
measured for 40 pulses. Some distribution of the
experimental points in the graphs is caused, to
some extent, by the energy instabilities and, for the
most part, by the time instabilities of laser radia-
tion.

The nonlinear coefficient �of composite materi-
als can be determined from the relationship for the

T(z), which, in the case of the scheme with an open
aperture, is written as [121,122]

� �T z q z q z1( ) ( ) ln 1 ( ) .��   (6)

Here, q(z)=�I(z)Leff is the laser beam parameter,
Leff = (1 - Le 0


 )/
0 is the effective optical path of glass
with MNPs in the sample, L is the sample thick-
ness, and I(z) is the intensity of the light passed
through the sample as a function of its position along
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Sample n2,10-8 esu ��,10-6 cm/W    Re�(3),10-9 esu   Im�(3),10-9 esu |�(3)|,10-9 esu

Cu:SiO2     -13.7          9 -32.0 6.5       3.28
Cu:SLSG 3.6        3.42 8.3 2.5       0.87
Ag:SiO2 1.5 2.5

Ag:SLSG 3.5 5.7
SLSG 8.1\10-6         1.4\10-6 1.4\10-6

Table 2. Nonlinear optical parameters of silicate glasses with ion-synthesised copper and silver nanoparticles
measured at the wavelength of 1064 nm.

the Z-axis. The parameter q(z) describes the propa-
gation of the laser beam in the material, because
the following relationship holds

q z G z w i w2 21/ ( ) 1/ ( ) 2 / / ,� � ��� �� �  (7)

where G(z) = z[1 + z0
2/z2] is the radius of the wave

front curvature in the Z-direction, z0 = kw2/2 is the
diffraction length of the beam, k = 2�/� is the wave
vector, �= ��0 /(1 + z0

2/z2), ��0 = (2�/�)n2I0Leff -
phase shift of frequency gained by the radiation
passed through the sample, w(z) = w0(1 + z0

2/z2)2 is
the beam radius at the point Z, and w0 is the beam
radius at the focal point (at a level of 1/e2).

At Z = 0 (focal plane), the parameter q(0) = q0 is
defined by the expression

eff
q I L

0 0
,��  (8)

where I0 = I����W�]EK<EJ]KP�8K�K?<�=F:8C�GF]EK

Using formulas (6) and (8), it is possible to write

� �T q q
0 0 0

ln 1 ,� �   (9)

where T0 is the minimum of T(z) in the focal plane in
the scheme with an open aperture. Expression (9)
permits to determine the nonlinear absorption coef-
ficient �. The values of �calculated in this way from
the experimental data for the Cu:SiO2 and Cu:SLSG
composites are equal to 9.0\10W� and 3.42\10W� cm/
W, respectively (Table 2).

As can be seen, the nonlinear coefficients � for
these composites differ by a factor of 2.63. How-
ever, to compare correctly the coefficients � for the
Cu:SiO2 and Cu:SLSG composites, it is necessary
to take into account the individual linear coefficients

0 for layers with copper nanoparticles in different
matrices ( 2

SiO

0

 = 9340 and SLSG

0

 = 5800 cmW
). By

assuming that the thicknesses of the layers with
MNPs in the implanted glasses are virtually identi-
cal (~80 nm) [123], the nonlinear coefficient � to the
linear coefficient 
0 for the relevant composite (U =
�/
0) was normalized. As a result, the normalized

values of U 2
SiO ���
��[
�W
� and U SLSG ���
��[
�-10

cm2/W, which differ by a factor of 1.432, were ob-
tained.

To account for this discrepancy between the
parameters U for different samples, proper allow-
ance must be made not only for the difference in
the linear absorption coefficients but also for the
specific features in the location of the surface plasma
resonance peaks attributed to copper nanoparticles.
As can be seen from Fig. 3, the SPR peak assigned
to MNPs is observed at 565 nm (�p = 17699.1
cmW
) for the Cu:SiO2 composite and at 580 nm
(�p = 17241.4 cmW
) for the Cu:SLSG composite. In
such MNP systems a two-photon resonance related
to the SPR can be assumed [3,11]. On the other
hand, it is known that, in the range of excitations
and their associated transitions in nonlinear medium,
the optical nonlinearities become more pronounced
with a decrease in the detuning of the frequency
from the resonance (in a case, two-photon) excita-
tion [124]. In present experiment, the frequency
detuning should be treated as the difference between
the SPR frequency and the frequency of two pho-
tons of the laser radiation used �20 = 18797 cmW1

(532 nm). The difference in the location of the SPR
peaks for copper nanoparticles in the SiO2 and SLSG
composites can be estimated from the following
ratio:

� � � �p p
M 2 2

1 1CU:SiO CU:SLSG

20 20
/ 1.42.

� �

� � �� � �� �  (10)

This value is in qualitative agreement with a ratio of
1.432 between the nonlinear coefficients �normal-
ized to the linear coefficients 
0.

The most interesting feature in the nonlinear
optical properties of glasses with copper
nanoparticles irradiated at a wavelength of 1064 nm
is the fact that the doubled frequency of the laser
radiation is close to the SPR frequency of copper
particles. This is illustrated by the diagram in Fig.
5, which shows the spectral positions of the SPR
peaks of the MNPs in the samples studied and the
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Fug. 6. Calculated curves T(z) as a function of the
incident radiation intensity for (1) Cu:SiO2 and (2)
Cu:SLSG composites [62].

Fig. 5. Diagram of the SPR frequencies for the
glasses with implanted copper and silver
nanoparticles [63,64].

spectral positions of the fundamental and doubled
frequencies of the laser radiation [63,64]. Thus, from
the above date, it can draw the following conclu-
sions: (1) In the near-IR range, the large nonlinear
absorption coefficients determined experimentally
for glasses containing copper nanoparticles are
explained by the SPR in MNPs; (2) The efficient
nonlinear absorption in the composites with copper
nanoparticles considered is associated with both
the linear absorption of the material and the effect
of two-photon resonance at the SPR frequency for
copper nanoparticles, which leads to the two-pho-
ton transition at the wavelength 1064 nm.

The theoretical realization of two-photon absorp-
tion associated with the SPR of colloidal metal (sil-
ver) particles in a solution was previously discussed
in [125,126], but them was difficult to analyze this
possibility due to the experimental problems related
to the efficient aggregation of colloidal silver under
laser irradiation, which changed the nonlinear opti-
cal properties of the samples in time.

When analyzing the results presented here, it is
expedient to dwell on the possible fields of practical
application of the studied composites. As is known,
media with nonlinear (in particular, two-photon) ab-
sorption are very promising as materials for optical
limiters, which can serve, for example, for the pro-
tection of eyes and highly sensitive detectors against
intense optical radiation [127]. Early, the majority
of studies in this field have been performed using
nanosecond laser pulses. In this case, the main
mechanisms responsible for nonlinear effects are
associated with the reverse saturable nonlinear ab-
sorption (fullerenes and organic and metalloorganic
compounds) and nonlinear scattering (solutions of

colloidal metal aggregates). Picosecond and
subpicosecond laser pulses have been used only
to examine the optical limiting in media belonging
primarily to semiconductor materials (two-photon
absorption and strong nonlinear refraction).

Since two-photon absorption at a wavelength of
1064 nm is observed in the Cu:SiO2 and Cu:SLSG
samples, it is of interest to investigate the optical
limiting in these composites in the scheme with an
open aperture. In the theoretical analysis, it was
assumed that the sample is located in the region
corresponding to a minimum transmittance, i.e., in
the focal plane of a beam (Z = 0). The nonlinear
absorption was studied experimentally at an oper-
ating intensity of 1010 W/cm2 [62,63]. The break-
down intensity for samples containing copper
nanoparticle is equal to 6\1010 W/cm2. On this ba-
sis, the upper limit of the intensity for theoretical
estimates was taken equal to 5\1010 W/cm2. With
the use of the linear and nonlinear (two-photon) ab-
sorption coefficients, the dependences of the nor-
malized T(z) on the laser radiation intensity pre-
sented in Fig. 6. It can be seen from Fig. 6 that, at
the maximum intensity, the Cu:SiO2 composite is
characterized by an approximately fifteen-fold limit-
ing, whereas the Cu:SLSG composite exhibits an
approximately three-fold limiting. Consequently,
these composites can serve as nonlinear materials
for optical limiting. It is clear that the Cu:SiO2 com-
posite is more preferable from the practical stand-
point. Thus, the nonlinear absorption coefficients for
glasses containing copper nanoparticles were mea-
sured using the Z-scan technique and it was dem-
onstrated that the nonlinear absorption can be as-
sociated with two-photon absorption at a wavelength
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of 1064 nm. The optical limiting was analyzed for
the composite materials and it was shown that the
Cu:SiO2 composite is characterized by a 15-fold lim-
iting.

3.2. Nonlinear refraction of MNPs
studied by Z-scan

Let us consider the nonlinear optical refraction of
Cu:SiO2 and Cu:SLSG composites [63,65]. Fig. 7
shows the dependences of the T(z) the samples in
the Z-scan scheme with a closed aperture. Each
point on the plot corresponds to a value averaged
over 40 pulses. A specific feature of the samples
with copper nanoparticles is that the plots for differ-
ent types of substrate glass demonstrate opposite
signs of nonlinear refraction under the same implan-
tation conditions. From the position of the T(z) peak
in the positive or negative Z-scan region (the
nonlinearity sign), it can be concluded that the
Cu:SiO2 samples are characterized by self-
defocusing of the laser beam (n2 < 0), while the
Cu:SLSG samples demonstrate a self-focusing ef-
fect (n2 > 0).

To clarify the reason for the different signs of
nonlinear refraction in the different glasses with cop-
per nanoparticles, the observed self-action effects
has to by analyzed. Since the wavelength of the
laser radiation used in this study considerably ex-
ceeds the size of the MNPs synthesized by the
implantation [6,9], the optical properties of the
nanoparticles can be considered within the frame-
work of the effective medium theory [4]. Such an
approach allows to consider the composites as
optically homogeneous materials, disregarding the
presence of MNPs in them.

Among nonlinear optical processes contributing
to the nonlinear part of the refractive index, it should
be taken into account the optical Kerr effect, caused
by the electronic response of atoms and molecules
[124] and associated with the presence of resonance
transitions in the medium [128]. The nonlinear in-
dex n2 may vary considerably depending on the type
of interaction (resonance or nonresonance).
Nonresonance contributions to the n2 of such me-
dium as glasses are usually positive [129]. In the
case of resonance interactions involving one-pho-
ton or two-photon processes, the sign of the nonlin-
ear index n2 is determined from the difference be-
tween the frequency of an incident electromagnetic
laser wave �10 (or a multiple frequency �i0) and the
intrinsic resonance frequency of the material (�p in
the case of MNPs). In particular, the nonlinear in-
dex n2 is negative only for frequencies that are slightly

below the one-photon resonances or slightly above
the two-photon resonances [129].

For a homogeneous condensed medium char-
acterized by the occurrence of resonance transi-
tions, one can consider the standard two-level en-
ergy model [124]. Then, the corresponding equa-
tion for the nonlinear index n2 will have the form

� �i p

n N
n

4

0

2 3

0 0

2 ,
�

���
� ��

 (11)

where �p and �i0 correspond to the frequencies of
the SPR of MNP nanoparticles and the laser radia-
tion, respectively; the subscript i denotes one- and
two-photon processes; N is the concentration of
active excitation centers considered to be dipoles
(virtually equal to the number of nanoparticles in the
sample); and �i0 is the transition dipole moment at
the frequencies �i0.

As follows from Eq. (11), N and �i0 have no effect
on the sign of the nonlinear index n2 (the sign of the
nonlinearity), which is determined only by the
detuning from the resonance �i0. Keeping in mind
that �(3) depends linearly on n2 [124], it can be writ-
ten the relation determining the sign of the
nonlinearity as

� �p i

3(3 )

20 0
sgnRe sgn ,

�
� ��� �� �� �! (# *  (12)

and analyze it only for the frequency �20, i.e., for the
doubled frequency of the laser radiation, which lies
in the vicinity of the SPR of the samples with cop-
per particles. In other words, it is considered the
effect that the frequency detuning between the sum
frequencies of two laser photons and the SPR fre-
quency exerts on nonlinear optical processes.

As was mentioned the samples show different
spectral positions of the SPR maxima for MNPs in
glass host matrices of different types. For example,
the SPR maximum for the Cu:SLSG samples is in
the vicinity of 580 nm, while the SPR peak of the
Cu:SiO2 samples lies near 565 nm. Substituting the
frequencies of the SPR of copper nanoparticles
in SiO2 and SLSG (Fig. 5) and the frequency
�20 ~18797 cmW
 (the frequency of the two-photon
excitation of the laser radiation used) into Eq. (12),
a negative sign of the detuning is obtained, which
points to a negative contribution to the nonlinear
susceptibility for the matrices of both types. These
conditions correspond to the self-defocusing of la-
ser radiation, which was experimentally observed
for the Cu:SiO2 sample (Fig. 7a). Thus, the two-level
model used in this paper gives the proper sign of
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Fig. 7. Dependence of the curves T(z) for (a) Cu:SiO2 and (b) Cu:SLSG composites in the Z-scan scheme
with an close aperture. Samples fabricated by Cu-ion implantation with energy of 40 keV and dose of 8\1016

ion/cm2. Laser intensity is 8\109 W/cm2 and pulse duration is 35 ps [65].

Fig. 8. Dependence of the curves T(z) for SLSG in
the z-scan scheme with an close aperture [63].

nonlinearity in the Cu:SiO2 system excited by laser
radiation at a frequency lying outside the SPR re-
gion of its particles, namely, at a frequency about
two times lower than the SPR frequency.

A noticeable contribution to the n2 can also be
made by the thermal effect, i.e., by the heat trans-
fer from MNPs and defects of a dielectric host ma-
trix heated by laser radiation [130]. The rise time
�rise of n2 variations is determined by �rise = Rbeam/Vs,
where Rbeam is the beam-waist radius and Vs is the
sound velocity in the lattice. In present case (Rbeam

= 75 �m, Vs � 5500 m/s) the time necessary for
both the distribution of the density of a material and
its n2 to reach their stationary values - trelax ~ 13-15
ns - is three orders of magnitude longer than the
pulse duration (35 ps). This allows one to exclude
from consideration the influence of the thermal ef-
fect on the nonlinear optical properties of the com-
posites at present experiment and regard the elec-
tronic optical Kerr effect as the main factor.

On the other hand, for the Cu:SLSG sample,
the self-focusing of the laser radiation (Fig. 7b) was
observed [63], which contradicts the conclusions
derived from equation (12). To reveal the reasons for
the different self-action effects in the glasses, it is
necessary to consider the influence of the substrate
on the nonlinear optical properties of the compos-
ites. For this purpose, the dependences of the T(z)
for both types of glasses without MNPs was mea-
sured. The SiO2  substrate shows no noticeable
changes in the character of the T(z) under irradia-
tion with the intensities used in this study; i.e., this
glass does not demonstrate nonlinear refraction and
the nonlinearities observed in the Cu:SiO2 samples
are evidently caused by the copper nanoparticles.

At the same time, the SLSG matrix exhibits a
self-focusing effect (Fig. 8). To estimate the contri-
bution of the glass substrate to the optical refrac-
tion of the Cu:SLSG sample, it was determined and
compared the values of �(3) for the SLSG and
Cu:SLSG samples. In the general case, when a
material simultaneously exhibits both nonlinear re-
fraction and nonlinear absorption, the nonlinear sus-
ceptibility is a complex quantity

i(3 ) (3 ) (3)Re Im ,� � �  �! ( ! (# * # * (13)

where the real part is related to the nonlinear index
n2 and the imaginary part is related to the nonlinear
coefficient �. As was mentioned the used glasses,
contrarily to the samples with nanoparticles, have
no nonlinear absorption and, hence, �(3) for the SLSG
substrates is directly real-valued and can be ex-
pressed in terms of n2 as

n
n(3 ) 0

2
Re .

3
� �

�
! (# *  (14)
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This parameter can be experimentally estimated
using the known Z-scan relations [121]

� �m
T S

0.25

0
0.404 1 ,

��
� � � ��  (15)

where �Tm-v is the normalized difference between
the maximum and the minimum (valley) of the mea-
sured T(z), S is the percent of radiation passing
through the aperture and reaching the photodiode.

Applying relations (15) to the experimental data
(Fig. 8) obtained for the SLSG substrate, a value of
n2 equal to 8.1\10W
� esu were estimated, while for
the Cu:SLSG sample this parameter was detected
to be of n2 = 3.6\10W� esu. The values of n2 mea-
sured for all the samples studied are listed in the
Table 2. Using relation (14) for the Re[�(3)], it was
obtained that, for SLSG, which shows no nonlinear
absorption, |�(3)| is equal to 1.4\10W
� esu,
while Re[�(3)] for Cu:SLSG is equal to 8.3\10W� esu
(Table 2).

Taking into account that the nonlinear suscepti-
bility in Cu:SLSG is a complex-valued parameter,
whose imaginary part is expressed via the nonlin-
ear coefficient � as

h h
n c 2

(1)Im .
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Using Eq. (13) and the value of Re[�(3)] for the given
medium, then the value of the nonlinear susceptibil-
ity is |�(3)| = 8.7\10W� esu (Table 2) [63].

Since only the Re[�(3)] is responsible for the non-
linear refraction in a material, it is possible to use
the such nonlinear parameters (Table 2) to com-
pare the SLSG and Cu:SLSG samples. In order to
eliminate the influence of both the linear absorption
and the difference in the thicknesses of the samples,
in practice, one does not compare directly the val-
ues of Re[�(3)], but rather their normalized values
Re[�(3)] Leff (in this case, Leff includes a correction
for the linear absorption). Using Leff of the wavelength
1064 nm for the samples of both types, it is pos-
sible to get Re[�(3)] Leff = 4.92\10W
� esu\cm for
Cu:SLSG and Re[�(3)] Leff = 3.45\10W
� esu\cm for
SLSG. Therefore, the nonlinear parameters of pure
SLSG are lower by an order of magnitude than the
same parameters for the glasses containing
nanoparticles.

Discussing the reasons for the self-focusing ob-
served in the experiment (Fig. 7), i.e., the reasons
for the positive contribution to the nonlinear sus-
ceptibility of Cu:SLSG, it should be take into ac-
count the considerable (~30%) linear absorption of
SLSG in the spectral region of the laser radiation
(Fig. 3). If a material exhibits the effect of saturation

at the laser wavelength, the total absorption will
decrease upon the laser irradiation. However, if a
material is characterized by nonlinear absorption,
the total absorption will increase, as is observed for
the glasses with nanoparticles. The nonlinear ab-
sorption of Cu:SLSG causes an additional decrease
in the intensity of the transmitted light in the focal
GC8E<�9P�8GGIFO]D8K<CP�
�W
����N?]C<�=FI��L�.]*2,
whose linear absorption is ~15%, this value is equal
to 18%. Irrespective of the conditions of the laser
radiation which was choose here, the increase in
the total absorption of Cu:SLSG can be caused by
the nonlinear thermal effect predicted early [131],
and observed for [132] in silicate glasses contain-
ing radio-frequency sputtered copper nanoparticles
with size of 2.2V0.6 nm irradiation at the wavelength
1064 nm, when positive nonlinear susceptibility was
recorded using trains of picosecond pulses (100
pulses in a train).

Consider nonlinear refraction of glass contain-
ing silver nanoparticles. The composites with silver
were prepared by Ag-ion implantation into amorphous
SiO2 and soda lime silicate glasses (SLSG) as de-
scribed [23]. The energies of 60 keV and dose
4\1016 ion/cm2 and at a beam current density of 10
�A/cm2 were used. The penetration depth of the
MNPs in the glasses for given energy of implanta-
tion did not exceed 80 nm [123]. Optical transmit-
tance spectra of implanted samples Ag:SiO2 and
Ag:SLSG are presented in Fig. 9. MNPs such as
Ag in dielectric medium show optical absorption
;<K<ID]E<;�9P�.+-�N]K?�D8O]DLD�E<8I��
��W����
nm [4]. Fig. 10 shows the experimental depen-
dences of the T(z) of the samples Ag:SiO2 and
Ag:SLSG during Z-scanning in the scheme with a
closed aperture. Similarly to the case with copper
nanoparticles, the results of the measurements are
the same for the laser irradiation of both sides of
the sample. As follows from Fig. 10, both types of
glasses with silver nanoparticles demonstrate self-
focusing of laser radiation. The values n2 and Re[�(3)]
are presented in Table 2. The nonlinear absorption
was not detected for these samples.

Estimate the nonlinear optical contributing to
both the magnitude and the sign of the nonlinear
susceptibility �(3). Similarly to the case with copper
nanoparticles, the spectral positions of the SPR
bands in the samples with silver nanoparticles de-
pend on the type of substrate (Fig. 9). The SPR
maximum lies at about 415 nm (�p = 24096.4 cmW
)
for the Ag:SiO2 and at 440 nm (�p = 22727.3 cmW
)
for the Ag:SLSG samples. As can be seen from the
diagram in Fig. 5, the frequency of the sum of two
photons of the laser radiation is lower than the SPR
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Fig. 9. Transmittance spectra of (1) SiO2 and (2) SLSG before and after Ag-ion implantation with energy of
60 keV and dose of 4\1016 ion/cm2 (3) Ag:SiO2 and (4) Ag:SLSG [23].

Fig. 10. Dependence of the curves T(z) for (a) Ag:SiO2 and (b) Ag:SLSG composites in the Z-scan scheme
with an close aperture. Samples fabricated by Ag-ion implantation with energy of 60 keV and dose of 4\1016

ion/cm2. Laser intensity is 8\109 W/cm2 and pulse duration is 35 ps [63].

frequency for nanoparticles in either matrix, which
corresponds to a positive sign of the detuning and,
as a consequence, leads to a positive contribution
to the nonlinear susceptibility. Hence, no two-pho-
ton absorption occurs in the samples with silver
nanoparticles.

In practice, the efficiency of the optical switch-
ing is often evaluated by the ratio between the non-
linear (two-photon) absorption coefficient and the
nonlinear refractive index at a given wavelength; the
value of this critical parameter was estimated to be
K = ��/� < 1, where � is the nonlinear refractive in-
dex in SI units [133]. Substituting the experimen-
tally obtained � and �, it was that K is equal to 2.55
for Cu:SiO2 and 3.73 for Cu:SLSG, which is consid-
erably greater than unity. At the same time, the
samples with silver nanoparticles (Ag:SiO2 and

Ag:SLSG), due to the absence of nonlinear absorp-
tion, have K << 1, which makes them promising for
the development of optical switches at the wave-
length 1064 nm. As example, It can be mentioned
that the effect of the two-photon absorption on the
process of optical switching was also considered in
[134], where the authors studied silver-doped
glasses Ag2As39S59. It was assumed that silver par-
ticles may form in these glasses. The parameter K
for that glass was found to be equal to 2.9.

3.3. RZ-scan technique

There are different approaches for the study of non-
linear optical properties of various materials, for ex-
ample, degenerate four-wave mixing [135], nonlin-
ear optical interferometry [136], Z-scan [120,121]).
As was mentioned the latter technique allows de-
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Sample No. Energy, Current Ion dose, I0, W/cm2 n2, 10-11 Re[�(3)],
keV density, 1017 cm2/W 10-9 esu

�A/cm2  ion/cm2

Ag:Al2O3  1     30     3    3.75      4.3 3.40 0.94
Ag:Al2O3  2     30     6    3.75      4.3 3.89 1.07
Ag:Al2O3  3     30    10    3.75      4.3 5.36 1.48
Cu:Al2O3  4     40    2.5    0.54      7.7   -3.75   -1.04
Cu:Al2O3  5     40   12.5     1.0      7.7   -4.96   -1.38
Au:Al2O3  6    160    10     0.6      2.3  -28.15   -7.77
Au:Al2O3 7*    160    10     0.6      2.8  -32.68   -10.0
Au:Al2O3  8    160 10 1.0      2.3  -38.76   -10.7
Au:Al2O3 9*    160    10     1.0      2.8  -44.30 -12.2

Table 3. Ion implantation conditions and nonlinear optical parameters of Al2O3 with ion-synthesized silver,
copper and gold nanoparticles measured at the wavelength of 1064 nm. * - thermal annealing [30].

termining both the value and the sign of nonlinear
optical indexes n2 and �. There are several modifi-
cations of the Z-scan technique, such as transmis-
sion Z-scan (TZ-scan) [120,121], eclipsing Z-scan
[137], two-beams [138], reflection Z-scan (RZ-scan)
[139-141], time-resolved Z-scan [142], etc. The RZ-
scan has an advantage with comparing to the oth-
ers that allows studying the optical nonlinearities of
materials with a limited optical transparency. This
technique is based on the analyze of the surface
properties of materials, whereas the others are used
for the investigation of bulk characteristics of me-
dia. The application of RZ-scan was firstly presented
in [14], where the nonlinear refraction of gallium ar-
senide was studied in at a wavelength of 532 nm at
which this semiconductor is fully opaque. On the
other hand, this technique can also be applied for
transparent materials and can be used for the com-
parison with conventional TZ-scan.

The RZ-scan technique was firstly applied for
measurement of nonlinear characteristics of low-
transparency dielectric layers with MNPs beyond
the region of the SPR absorption of particles [29,94].
Consider some examples with composites based
on dielectric with copper, silver and gold
nanoparticles synthesized by ion implantation. As
a substrate for such model composites an artificial
sapphire (Al2O3) was used. Whose surface of the
sapphire opposite to the implanted surface was
frosted, because of which the sample was almost
nontransparent in visible and IR-spectral area. Ion
implantation was performed with Ag+, Cu+, and Au+

[95,143]. Experimental conditions of ion implanta-
tion used for fabrication of MNPs in Al2O3 are pre-
sented in Table 3 [30].

Fig. 11. Experimental RZ-scan setup for nonlinear
measurements.

The RZ-scan setup for measurement of nonlin-
ear refraction is presented in Fig. 11. The Nd:YAG
laser (� = 1064 nm, � = 55 ps) operated at a 2 Hz
pulse repetition rate was applied. Laser radiation
was focused by a 25-cm focal length lens (1). The
maximum intensity and the beam waist radius in
the focal plane were measured to be I0����[
�

9 W/
cm2 and 72 �m, respectively. The sample (2) was
fixed on the translation table (7) and moved along
the Z-axis. The angle of incidence of laser radiation
on the surface of sample was 30T. A part of radia-
tion was reflected from the beam splitter (10) and
measured by photo-diode (3) to control the energy
of laser pulses. The radiation reflected from the sur-
face of sample was directed to the mirror (10) and
than collected by the lens (11) that allowed regis-
tering all the reflected radiation by photo-diode (5).
To decrease the influence of the instability of laser
radiation, the ratio R(z) between the reflected sig-
nal and the incident one was calculated.

In the case of RZ-scan the refractive
nonlinearities are measured without aperture (for
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example, see [144]). In RZ-scan scheme, the phase
changes are produced by absorptive nonlinearities
and the aperture is needed in this case. The refrac-
tive nonlinearities are responsible for the amplitude
changes of reflected radiation so there is no need
to use an aperture before the detector. The mea-
surements of the refractive nonlinearities of samples
(that are the subject of our studies) were carried out
without an aperture, thus neglecting the influence
of phase changes caused by nonlinear absorption.

The principles of RZ-scan can be described as
follows. The sample moves during the experiment
through the focal plane of focusing lens. The ampli-
tude and phase of reflected beam change due to
the influence of nonlinear refraction and nonlinear
absorption. No nonlinear effects appear when the
sample is positioned far from the focal plane, so the
ratio R(z) of the reflected and incident laser radia-
tion is constant. When the sample approaches fo-
cal plane, the laser intensity becomes higher and
the nonlinear effects occur. In the case of positive
nonlinear refraction (n2>0), the movement of sample
close to the focus leads to the growth of R(z). After
crossing the focal plane the nonlinear refraction di-
minishes that leads to a decrease of R(z)  down to
previous value. In the case of self-defocusing (n2<0)
the opposite feature will be observed with the valley
appearing in the R(z) dependence. One can con-
clude about the sign of n2 from the R(z) dependence.

The expression for the intensity of radiation re-
flected from the surface of a sample can be written
in the form [139-141]
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Here, k2 is the coefficients of nonlinear extinction;
R0 is the linear reflection coefficient, Vm(z) = g(z) -
id/dm, g(z) = d/d0x, d is the distance from the sample
to the far-field aperture; dm = k�2

m0/2, �2
m0 = w2(z)/

(2m + 1), �2(z) = �2(1 + x2), x = z/z0, z0 = k�2
0/2 is

the diffraction length of the beam; �0 is the beam
waist radius; z characterizes the sample position;
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and � is the angle of incidence of the beam [144].
Substituting into Eq. (17) the parameters given
above, it will be obtained the following expression
for the normalized reflection:
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Here, the first expression on the right-hand side
is responsible for the nonlinear absorption, the sec-
ond expression describes the nonlinear refraction,
and the third expression characterizes their joint
effect. It should be noted that Eq. (18) was derived
without taking into account the effect of thermal pro-
cesses, which are characteristic of nanosecond
pulses [130] or of radiation with a high pulse repeti-
tion rate [131]. To determine the real part of the third-
order nonlinear susceptibility, the expression (14)
was used.

For practical purpose the R(z) power could be
presented as follows [144]:
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where � the radial coordinates, and E(�,z) is the
incident beam amplitude.

This equation describes the general case, when
both nonlinear refraction and nonlinear absorption
appear simultaneously during the reflection from the
sample. However, the application of open-aperture
RZ-scan allowed neglecting the influence of nonlin-
ear absorption for the measurements of nonlinear
refraction [145].

3.3.1. RZ-scan study of Ag:Al2O3

The spectra of linear optical reflection for both initial
Al2O3 and Ag:Al2O3 composites obtained by ion im-
plantation under different conditions presented in
Fig. 12. Samples 1-3 Ag:Al2O3 were implanted at
fixed doses and energies but at different ion current
densities which increases with the sample number
(Table 3). The thickness of a layer containing silver
nanoparticles was about 50 nm [123].

As is seen from Fig. 12, in contrast to
nonimplanted Al2O3, all the implanted samples are
characterized by the presence in the visible spec-
tral region of a broad selective reflection band with a
maximum near 460 nm, whose intensity is slightly
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Fig. 12. Reflectance spectra of Al2O3 before and
after Ag-ion implantation with energy of 30 keV, dose
of 3.75\1017 ion/cm2 and different current densities
(1) 3; (2) 6 and (3) 10 �A/cm2 [30].

Fig. 13. Dependence of the curves R(z) for Ag:Al2O3

composites implanted with energy of 30 keV, dose
of 3.75\1017 ion/cm2 and different current densities
(1) 3; (2) 6 and (3) 10 �A/cm2. Laser intensity is
4.3\109 W/cm2 and pulse duration is 55 ps. Solid
line is modeling [30].

higher for the samples obtained at higher ion cur-
rents. This reflection band appears due to the for-
mation of silver nanoparticles in the implanted Al2O3

and corresponds to the SPR absorption in MNPs
[4]. A sharp increase in the reflection intensity in
the shorter wavelength region beginning from ap-
proximately 380 nm (beyond the SPR band) is
caused by the absorption of light by the Al2O3 ma-
trix and by interband transitions in metal NPs.

As was shown recently [146], an increase in the
ion current density during the implantation of silver
ions into SiO2 leads to an increase in the portion of
the metal phase (MNPs) in the sample. This is ex-
plained by an increase in the temperature of the
dielectric irradiated by high ion currents and, hence,
by a higher diffusion mobility of implanted silver ions
and thus their more efficient incorporation into MNPs.
In the general case, this may result in an increase
both in the number of MNPs and in their sizes, which
leads to a higher SPR absorption of MNPs. There-
fore, the increase in the SPR reflection intensity in
Fig. 12 should be related to a larger portion of me-
tallic silver in Al2O3 implanted at higher currents.
Since the spectral positions of the SPR band
maxima almost do not change, hence it is possible
to conclude that an increase in the ion current den-
sity under these conditions of silver implantation into
Al2O3 results in a slight increase only in the con-
centration of MNPs rather than in their dimensions,
which would immediately cause a spectral shift of
the SPR reflection maximum.

The experimental R(z) dependences for the
Ag:Al2O3 samples measured by RZ-scanning at the

wavelength 1064 nm at the laser radiation intensity
I0 = 4.3\109 W/cm2 are presented in Fig. 13. De-
pendences R(z) for all the samples have the shape
of a bell with the top directed upward, symmetrical
with respect to Z = 0, and by the positive n2. It should
be noted that the tops of the bell-shaped depen-
dences are higher for the samples implanted at
higher ion currents, i.e., for the samples with a higher
content of metallic silver.

Unimplanted Al2O3 shows no such optical
nonlinearity in experiments with laser radiation in-
tensity up to the optical breakdown. Thus, the non-
linear optical effects shown in Fig. 13 are caused
by the presence of silver nanoparticles in Al2O3. It is
also interesting that the optical nonlinearities of sil-
ver particles are observed at laser irradiation at a
wavelength outside the SPR absorption of the
MNPs.

Using modeled R(z) dependences (Fig. 13) and
fitting by them the experimental data, values of n2

and Re[�(3)] in each sample were estemated and
presented in Table 3. The analysis of the results
shows that the samples with a higher concentra-
tion of silver nanoparticles have higher values of n2

and Re[�(3)].

3.3.2. RZ-scan study of Cu:Al2O3

The second type of samples is the Al2O3 with cop-
per nanoparticles. In contrast to the previous series
of Ag:Al2O3 J8DGC<J��
W���]E�/89C<����]E�N?]:?�K?<
content of MNPs was varied by using different ion
current densities, one of the samples with copper
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Fig. 14. Reflectance spectra of Al2O3 before (1) and
after Cu-ion implantation with energy of 40 keV and
;]==<I<EK�G8I8D<K<IJ��;FJ<�F=��
��[
�17 ions/cm2 and
2.5 �A/cm2�8E;�����;FJ<�F=�

�\
�17 ion/cm2 and
12.5 �A/cm2 (3) [147].

Fig. 15. Dependence of the curves R(z) for Cu:Al2O3

composites implanted with energy of 40 keV (1)
;FJ<�F=��
��[
�17 ions/cm2 and current density 2.5
�A/cm2 and (2) dose of 1.0\1017 ion/cm2 and cur-
rent density of 12.5 �A/cm2. Laser intensity is
7.7\109 W/cm2 and pulse duration is 55 ps. Solid
line is modeling [30].

nanoparticles (sample 4) was obtained by implan-
K8K]FE�N]K?�8�JD8CC�;FJ<���
��[
�17 ions/cm2) and a
low ion current (2.5 �A/cm2), while the other sample
(sample 5) was implanted at a larger dose (1017 ions/
cm2) and a higher current (12.5 �A/cm2). The en-
ergy of ion implantation was equal to 40 keV for
both samples (Table 3).

This choice of ion implantation regimes (Table
3) in the case of copper nanoparticles allowed to
obtained samples with a noticeably different filling
factor of the metal phase and, in particular, with dif-
ferent sizes of MNPs. This is illustrated in Fig. 14,
which shows the linear reflection spectra of Cu:Al2O3

with the SPR absorption bands of copper NPs [147],
whose maxima take clearly different positions.
.8DGC<����N?]:?�?8J�8�?]>?<I�:FE:<EKI8K]FE�F=�:FG	
per nanoparticles, exhibits the band at a longer
wavelength (with the maximum at ~650 nm) than
sample 4 (~610 nm), which points to the presence
of larger MNPs in sample 5 [21,147]. A pronounced
difference in the portion of the metal phase and in
the size of MNPs also manifests itself in the inten-
sity of the SPR bands. The reflection intensity for
sample 5 is noticeably higher than that for sample
4.

The experimental and calculated dependences
R(z) for the Cu:Al2O3 samples are shown in Fig. 15.
Since the efficiency of the electronic SPR excita-
tion in copper nanostructures (in particular, in films,
wires, etc.) is known to be noticeably lower than in
silver particles [4], it was chosen a somewhat higher
intensity of laser radiation for measuring their non-
linear optical properties I0 ���
�[
�

9 W/cm2 (Table 3)

than for Ag:Al2O3. The R(z) dependences obtained
are also bell-shaped and symmetrical with respect
to the point Z = 0, which points to self-focusing in
the Cu:Al2O3 samples due to the presence of cop-
per nanoparticles. However, in contrast to the case
with Ag:Al2O3, the tops of the bells are directed down-
ward, which clearly testifies to the self-defocusing
of the laser beam in the samples with copper
nanoparticles, i.e., to a negative n2 (Table 3). The
reasons for such a different behavior of the nonlin-
ear optical properties of Ag:Al2O3 and Cu:Al2O3

samples will be discussed below, but it should be
mentioned that a difference in the signs of n2 was
also observed in transmission Z-scan measurements
at the same wavelength of 1064 nm in samples of
SiO2 with silver and copper nanoparticles (previous
paragraph). Estimated values of n2 and Re[�(3)] in
Cu:Al2O3 by simulating the R(z) dependences and
comparing them with experimental data are pre-
sented in Table 3. It is found that the sample with a
higher content of the metal phase (sample 5) has
higher |n2| and |Re[�(3)]|.

3.3.3. RZ-scan study of Au:Al2O3

.8DGC<J���W���;<J:I]9<;�]E�/89C<���]J�K?<��C2O3

containing ion-synthesized gold nanoparticles,
which are also characterized by efficient SPR ab-
sorption in the visible spectral region. As in the case
with copper ions, two different implantation doses,
�
�[
�17�8E;��

[
�17 ions/cm2, but higher irradia-
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Fig. 16. Reflectance spectra of Al2O3 before and
after Au-ion implantation with energy of 160 keV,
current density of 10 �A/cm2 with different doses of
�
�[
�17 ions/cm2 (3,4) and 1.0\1017 ion/cm2 (1,2).
Samples annealed after ion implantation during 1 h
at temperature of 800 TC (2,4) [94,95].

Fig. 17. Dependence of the curves R(z) for Au:Al2O3

composites implanted with energy of 160 keV with
;FJ<J��
�[
�17 ions/cm2 (1,2) and 1.0\1017 ion/cm2

(3, 4) at current density of 10 mA/cm2 with different
;FJ<J�F=��
�[
�17 ions/cm2 (3,4) and 1.0\1017 ion/
cm2 (1,2). Samples created by ion implantation (1,3)
and samples created by ion implantation with sub-
sequent thermal annealing during 1 h at tempera-
ture of 800 TC (2,4). Laser intensity is 2.3\109

W/cm2 and pulse duration is 55 ps. Solid line is
modeling [94,95].

tion energies, 160 keV (samples 6 and 8, Table 3)
[94,95]. Since, at such high energies, the implanted
impurity accumulates in a thicker subsurface layer
of the dielectric irradiated [123], the impurity con-
centration necessary for the nucleation of MNPs
accumulates over a longer time. In order to increase
the size of MNPs, some of samples 7 and 9 were
annealed in a furnace for 1 h at a temperature of
����T���/89C<����6�����7


The spectra of linear optical reflection from the
Au:Al2O3�J8DGC<J��W��8I<�GI<J<EK<;�]E�!]>
�
�
�/?<
formation of gold nanoparticles by ion implantation
is proved by the presence of SPR reflection bands
peaked at about 610 nm. Comparing samples 6 and
8 (curves 1 and 3, Fig. 16), obtained directly by ion
implantation, it is possible to see that an increase
in the implantation dose (sample 8) results in a slight
shift of the maximum of the SPR reflection (to ~620
nm), which is accompanied by a noticeable increase
in the intensity. This fact, as in the previous case
with the implantation with copper ions (samples 4
and 5), points to a higher filling factor of the metal
phase in sample 8 Au:Al2O3. Subsequent thermal
treatment of these samples almost does not change
the positions of the maxima of the SPR bands but
leads to a sharp increase in the reflection in the
long-wavelength spectral range. A broad reflection
shoulder (sample 9, curve 4 in Fig. 16) or even an
additional maximum (sample 7, curve 2 in Fig. 16)
appearing near the SPR reflection bands can be
associated with redistribution of the metal phase in

the dielectric volume due to the high temperature of
the material and, hence, with the formation of ag-
gregates of MNPs. Similar spectral behavior was
observed in experiments with fractal aggregates of
silver particles but in solutions [148].

At present, there are no data in the literature on
the nonlinear optical properties of gold nanoparticles
in a solid matrix in the near-IR region (1064 nm).
The first experimental results for  Au:Al2O3 were given
in [94,95] and presented in Fig. 17. Fig. 17a shows
the curves for samples 6 and 7, which were obtained
directly by ion implantation, while Fig. 17b presents
the dependences for samples 8 and 9, obtained by
ion implantation and subsequent thermal treatment.
As is seen, the R(z) dependences have a bell-like



140 A.L. Stepanov

shape symmetrical with respect to the point Z = 0,
with the tops directed downward. Thus, samples
(6-9) are characterized by self-defocusing, which
corresponds to a negative n2 and Re[�(3)] which val-
ues presented in Table 3.

3.3.4. Nonlinear refraction of MNPs
studied by RZ-scan

For the samples based on Al2O3, the frequencies �p

are equal to 22222 cmW
 (~450 nm, Fig. 12) for silver
E8EFG8IK]:C<J��
����W
�����:DW
 (~610-650 nm,
Fig. 14) for cupper nanoparticles, and 16129 cmW


(~620 nm, Fig. 16) for gold nanoparticles. Consider
relation (12) for the case of a one-photon process
(i = 1), i.e., for the frequency �10 = 9398 cmW


(�= 1064 nm), which is the fundamental frequency
of the laser radiation used. Substituting the values
of �10 and �p into relation (12), positive values of
Re[�(3)] and a negative detuning �10 for all the
samples can be obtained. The positive Re[�(3)] and
n2 correspond to the self-focusing of the laser radia-
tion in the sample, which was observed experimen-
tally for the Ag:Al2O3�J8DGC<J��J8DGC<J�
W��
Table 3).

On the other hand, the positive values of the signs
of Re[�(3)] and n2 contradict the self-defocusing ex-
perimentally detected in the samples with cupper
and gold nanoparticles (Figs. 15 and 17). Hence,
the description of nonlinear processes in the ap-
proximation of one-photon excitation for the Cu:Al2O3

and Au:Al2O3 systems is incorrect. Therefore, con-
sider the case of two-photon excitation for all the
composite systems studied using again expression
(12) but with the doubled frequency of the laser ra-
diation, �20 = 18797 cmW
 (��= 532 nm). This fre-
quency lies in the vicinity of the SPR frequencies of
MNPs in Cu:Al2O3 and Au:Al2O3. Determine the signs
of �20 for composites and see how they correlate
with the nonlinear optical processes observed ex-
perimentally. In this case, the signs of Re[�(3)] for
the Cu:Al2O3 and Au:Al2O3 systems are negative,
which agrees with the self-defocusing detected in
experiments and suggests the occurrence of two-
photon absorption in these samples. For the
Ag:Al2O3 samples, this sign turns out to be positive
again, as in the case of one-photon excitation, and
correlates with the self-focusing observed in experi-
ments. However, for silver nanoparticles in Al2O3, it
is difficult to choose between the one-photon and
two-photon excitation mechanisms. Probably, the
two mechanisms are simultaneously realized in this
type of MNPs and their manifestation depends on
the dominant frequency of laser excitation. Thus,

the two-level model correctly predicts the sign of
the nonlinearity in the Cu:Al2O3 and Au:Al2O3 sys-
tems in the case of excitation by laser radiation at
a frequency divisible by the doubled SPR frequency.

As was mention in the general case, a change
in n2 of a composite material can be caused by the
thermal effect due to heat transfer from MNPs or
defects of the dielectric host matrix heated by laser
radiation [130]. Despite the duration of laser pulses
used was rather short (�= 55 ns), the influence of
the thermal effect on the nonlinear refraction can be
analyzed. Estimate how large a change in the re-
fractive indexof crystalline sapphire 

32OAln�  caused
by heating can be.

The change in the refractive index due to the
thermal effect can be represented in the form [130]

h h

n
n r z t E r z t

C p T

1 d
( , , ) ( , , ),

d
� � �  (21)

where Ch and �h are, respectively, the heat capacity
and the density of the host matrix with MNPs (in
the case of sapphire, Ch = 0.419 J/g\K and �h =
3.97 g/cm3); dn/dT is the thermo-optic coefficient,
equal to 13.7\10W� 1/K; and �E(r, z, t) is the energy
of the radiation absorbed in a unit volume of the
material over a time t. The thermo-optic coefficient
for sapphire is positive, and, hence, the thermal ef-
fect should lead to the self-focusing of laser radia-
tion in all the samples.

Since the self-focusing of laser radiation was
experimentally observed only for the samples with
silver nanoparticles the thermal effect for such
samples were analyzed using present experimen-
tal conditions of nonlinear measurements [94,95].
Thus, in the case of Ag:Al2O3, the energy of the
absorbed radiation is 3.87\10W� J. For the layer with
silver nanoparticles of 50 nm thickness and the beam
waist radius 72 mm, the analysing volume is
4.88\10W
� cm3. In this case, the energy �E(r, z, t)
is 7.92\103 J/cm3. Substituting these values into
Eq. (21), the value of �n(r,z,t�#Y�
��\10W� will be
obtained. In same time, the experimental values are
from 4.33\10W� to 6.83\10W2. Hence, the thermal
effect may manifest itself in the case of samples
with silver nanoparticles. However, as it was men-
tioned the time �rize necessary for a change in the
medium density and a corresponding change in the
refractive index is determined by the ratio of the beam
waist radius to the speed of sound. Taking into ac-
count our experimental conditions (�0 = 72 �m at
the wavelength 1064 nm and Vs ~ 5000-5500 m/s),
�rize � 13-15 ns will be again estimated. This time is
three orders of magnitude longer than the pulse
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duration used (55 ps), and, hence, the thermal ef-
fect caused by the propagation of an acoustic wave
can be excluded from consideration in our case.

In conclusion, RZ-scan method is suited for
study of nonlinear refraction of samples based on
dielectrics with MNPs. Although the sensitivity of
the RZ-scan method is slightly lower than that of
the classical transmission Z-scan, the RZ-scan
method allows one to extend the spectral range of
study to the region of low transparency of compos-
ite materials. The sign of the Re[�(3)] is analyzed on
the basis of the two-level model, and it is shown
that Re[�(3)] of the samples with copper and gold
nanoparticles are determined by the two-photon pro-
cess. It is difficult to make similar conclusion for
samples with silver nanoparticles.
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