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ABSTRACT The study of the nonlinear optical parameters of
suspensions and glass matrices doped with various nanoparti-
cles (Ag, Cu, Co, Au, Pt, GaAs, CdS, As2S3) are presented.
Various techniques for the preparation of nanoparticles in sus-
pensions and solid matrices, in particular laser ablation, chem-
ical methods, and ion implantation are discussed. We present
our measurements of the nonlinear refractive indices, nonlin-
ear absorption coefficients, saturation intensities, and nonlinear
susceptibilities of nanoparticles-containing media using laser
pulses generating in various spectral and temporal ranges.

PACS 42.65.An; 42.65.Hw; 42.65.Jx; 61.46.Df; 78.67.Bf

1 Introduction

The nonlinearities of nanostructured materials has
attracted interest due to the considerable enhancement of
their nonlinear response caused by quantum size effects [1].
The application of such structures to optoelectronics, opti-
cal switchers and limiters, etc. [2–4], as well as in optical
computers, optical memory, and nonlinear spectroscopy can
considerably enhance their effectiveness.

In this paper, we present the nonlinear optical studies of
semiconductor- and metal-based nanoparticles (Ag, Cu, Au,
Pt, Co, GaAs, As2S3, CdS) in various materials. Some of
these media could be considered as the possible optical lim-
iters of intense laser radiation. We present our measurements
of their nonlinear refractive indices γ , nonlinear absorption
coefficients β, saturation intensities Is, and nonlinear suscep-
tibilities χ(3) using different spectral and temporal ranges of
the probe radiation.

2 Basic relations

In general case, the medium’s refractive index n
can be written as follows

n = n0 +γI +ηI2 + . . . , (1)

where n0 is the linear term of the refractive index of medium,
I is the intensity of the electromagnetic wave, and η is the
fifth-order nonlinear refractive index.
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In the case of the linear dependence of the absorption
coefficient on the laser radiation intensity one can use the fol-
lowing equation:

α(I ) = α0 +βI , (2)

where α0 is the linear term of the absorption coefficient of the
medium.

The calculations of the real and imaginary parts of nonlin-
ear susceptibility were carried out using the relations

Reχ(3) = 10−6cn2
0γ/480π2 (3)

and

Imχ(3) = 10−7c2n2
0β/96π2ω , (4)

where c is the light velocity in cm s−1, ω is the laser radiation
frequency in cycles s−1, β is the nonlinear absorption coef-
ficient in cm W−1, and γ is the nonlinear refractive index in
cm2 W−1.

One of the advantages of the z-scan technique commonly
used for the measurements of the nonlinear optical proper-
ties of media is a possibility of defining the contribution of
several nonlinearities when they are simultaneously present.
In general, when both nonlinear refraction and absorption are
present, the normalized transmittance T of nonlinear medium
can be written as follows [5]:

T = 1 − 4x

(x2 +9)(x2 +1)
∆Φ0 − 2(x2 +3)

(x2 +9)(x2 +1)
∆Ψ0 , (5)

where x = z/z0, z0 = 0.5kw2
0 is the diffraction length, k =

2π/λ is the wavenumber, w0 is the beam waist radius, ∆Φ0
and ∆Ψ0 are the parameters which determine the phase shift
near the focus as a result of nonlinear refraction and absorp-
tion, ∆Φ0 = kγI0Leff, ∆ψ0 = βI0 Leff/2, I0 is the laser radia-
tion intensity in the focus, Leff = [1 − exp(−α0 L)]/α0 is the
effective length of the sample, and L is the sample length.
Writing the following expression: � = β/2kγ , one can get the
relation between ∆Φ0 and ∆Ψ0(∆Ψ0 = �∆Φ0). In this case
(5) can be rewritten in the following form:

T = 1 − 2(�x2 +2x +3�)

(x2 +9)(x2 +1)
∆Φ0 (6)
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The best fitting of theory and experiment can be observed at
the specific values of � and ∆Φ0. Using � and ∆Φ0 as the
parameters, the ∆Ψ0 value was determined. Further, by sub-
tracting the nonlinear absorption from (5), one can calculate
the nonlinear refraction of samples.

3 Experimental arrangements

In our work we used three lasers operating at differ-
ent lasing conditions. A picosecond Nd:YAG laser at a 2 Hz
pulse repetition rate was used in most of our experiments.
A single pulse (t = 55 ps, or in some cases 35 ps) was am-
plified up to the energy of E = 2 mJ. The nonlinear optical
characteristics of nanoparticle-containing samples were in-
vestigated at the wavelength of this laser (λ = 1064 nm) and
its second harmonic (λ = 532 nm, E = 0.2 mJ). We also used
a Ti:sapphire laser delivering femtosecond pulses (t = 110 fs,
λ = 795 nm, E = 10 mJ) at a 10 Hz pulse repetition rate. The
variation of the distance between the gratings of the com-
pressor of this laser allowed generation of pulses with vari-
able duration (from 110 fs to 1.6 ps). This laser also oper-
ated at a Q-switching regime producing 8 ns pulses. Pulses
of 80 MHz, 100 fs, 300 mW frequencies were also available
from the seeding oscillator (Tsunami) of this laser for the
investigation of thermally induced self-defocusing of vari-
ous nanoparticle-containing media. The third laser was a hy-
brid Nd:glass–Ti:sapphire laser generating 475 fs, 1054 nm,
0.1 mJ pulses at a 1 Hz repetition rate.

The laser radiation was focused by a 30 cm focal length
lens FL (Fig. 1). The nanoparticle-containing objects under
study S were moved using a translation system TS along
the optical Z-axis through the focusing area. The max-
imum radiation intensity was varied in the range of 4 ×108–
4 ×1010 W cm−2. Its value depended on the optical break-
down and multiphoton ionization thresholds of the media.
The energy of the laser pulses were measured using a cali-
brated photodiode PD1 and recorded by a digital voltmeter
DV1. Calibrated neutral filters varied the laser radiation en-
ergy. A 1 mm aperture A transmitting 2% of the laser radiation
was set at a distance of 100 cm from the focusing area (the
closed-aperture scheme). A photodiode PD2 was placed be-
hind the aperture and the propagated radiation was recorded

FIGURE 1 Experimental setup. FL: fo-
cusing lens; BS: beam splitter; S: inves-
tigated sample; PD1, PD2: photodiodes;
DV1, DV2: digital voltmeters; M: step mo-
tor; TS: translation system; C: controller;
PC: personal computer; A: aperture

by a digital voltmeter DV2. In order to exclude the influence
of the instability of laser radiation on the measurement of the
nonlinear optical parameters of samples, a signal detected by
the PD2 was normalized by a signal detected by the PD1.

The closed-aperture scheme was capable of determining
both the sign and magnitude of the γ of materials using the
normalized transmittance dependencies T(z). The nonlinear
absorption coefficient was measured using the open-aperture
scheme, when the sample’s transmission was measured with-
out the aperture. In this case, a detector measuring the en-
ergy of the propagated beam had a sufficiently broad aperture
and was placed at such a distance from the sample that the
transmitted radiation was entirely detected. A controller C
collected the measured signals from the voltmeters. The con-
troller was used for the analysis of the information from the
voltmeter outputs and the operation of a translation system.
The translation system consisted of a micrometer and step
motor and provided a step movement of 20 µm/cycle. The
data processing procedure included the averaging of meas-
urements over the software-specified number of laser shots
at a given coordinate Z and the exclusion of certain meas-
urements at significant intensity fluctuations of the incident
radiation. Twenty separate measurements were performed at
a fixed position of the sample. This allowed a total error de-
crease in transmission measurements to 2%. A personal com-
puter (PC) carried out the general control over experimental
set-up. The calibration of nonlinear optical parameters was
carried out using a CS2 [6].

4 Metal nanoparticles (Ag, Cu, Co, Au, Pt)

4.1 Ablated silver suspensions

Silver nanoparticles have an advantage over other
metal nanoparticles (i.e., gold and copper) since the surface
plasmon resonance (SPR) of Ag is located far from the in-
terband transitions. This means that, in the case of silver
nanoparticle-containing compounds, we can investigate the
nonlinear optical effects solely using the surface plasmon con-
tribution. Here we present our studies of the optical, struc-
tural, and nonlinear optical properties of the Ag nanoparti-
cles prepared by laser ablation in various liquids. The laser
ablation of silver was performed using a second-harmonic
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radiation of Q-switched Nd:YAG laser. The laser radiation
(λ = 532 nm, t = 9 ns, E = 30 mJ, 10 Hz pulse repetition rate)
was focused by a 50 mm focal length lens on the surface of
a silver block placed inside a 10 mm thick cell. The cells were
filled with the liquids possessing different viscosities (ethy-
lene glycol, water, and ethanol). The energy density of the
532 nm radiation at the target surface was measured to be
20 J cm−2. The ablated silver suspensions were then studied
using the laser pulses generated in different spectral and tem-
poral ranges to measure the nonlinear optical characteristics.

The appearance of stable Ag nanoparticles was confirmed
by TEM studies of these suspensions. The TEM measure-
ments conducted just after laser ablation showed the appear-
ance of nanoparticles with a size distribution ranging from 4
to 200 nm. After half a month this distribution was consid-
erably narrowed with just small nanoparticles (ranging from
5 to 10 nm) dominating in the ablated suspension. In the in-
set in Fig. 2, curve 1 shows the absorption spectrum of the
silver ablated in ethylene glycol. The absorption curve was
centered in the vicinity of the SPR of Ag (405 nm), which in-
dicated the appearance of small nanoparticles. The variations
of the absorption spectra of the ablated nanoparticles were ob-
served during a period of one month (see curves 1–3). The
initial absorption spectra of the silver ablated in different li-
quids (water, ethylene glycol, ethanol) were similar. However,
the absorption of Ag:water and Ag:ethanol suspensions was
weakened after two weeks as compared to the Ag:ethylene
glycol (Ag:EG) suspension, probably due to the higher vis-
cosity of ethylene glycol, which prevented the nanoparticles
from sedmenting.

The previously reported influence of thermal accumula-
tive effects on the behavior of nonlinear optical refraction in
various media at high repetition rates of femtosecond pulses
(of the order of tens of MHz) has shown the importance of heat
accumulation between the pulses due to various (linear and/or
nonlinear) mechanisms of optical losses. We used the radia-
tion of a Ti:sapphire oscillator (λ = 795 nm, W = 300 mW,
t = 100 fs, 80 MHz pulse repetition rate) to analyze the influ-
ence of thermally induced nonlinearities on the propagation
of laser radiation through Ag-containing suspensions. The an-
alysis of CCD images using the z-scan scheme showed a pres-
ence of the thermal lens. The thermally induced nonlinear re-
fractive index of Ag:EG suspension in the case of a high pulse
repetition rate was measured to be γ = −8 ×10−12 cm2 W−1.

In the next set of nonlinear optical studies we used ra-
diation operating at 1 and 10 Hz pulse repetition rates to
exclude the influence of thermal accumulative processes. In
the case of the second-harmonic radiation of a nanosecond
Nd:YAG laser (λ = 532 nm, t = 8 ns, E = 2 mJ, 1 Hz pulse
repetition rate) we did not observe the fast Kerr-induced non-
linear optical processes in Ag-containing suspensions up to
the maximum intensities of I0 = 8 ×109 W cm−2. These stud-
ies were carried out using the closed-aperture z-scan scheme
and time-integrated photodiodes. However, self-defocusing
was observed when we analyzed the waveform of the prop-
agated pulses using fast pin diodes by applying a technique
developed in [7, 8]. Our studies have shown that this pro-
cess was caused by physical mechanisms other than those that
were observed in the case of the high pulse repetition rate. In
the latter case the appearance of a negative lens was caused

FIGURE 2 Normalized transmittance of Ag:water suspension in the case
of open-aperture scheme. Inset: Absorption spectra of Ag:EG suspension (1:
initial spectrum after ablation; 2: after one week; 3: after three weeks)

by a heat accumulation, whereas in the former case the self-
defocusing was attributed to the acoustic wave propagation
through the beam waist area [8].

The open-aperture z-scans of Ag-containing suspensions
were carried out using 397.5 nm, 8 ns radiation. We assumed
that, in the case of long pulses, the reverse saturated ab-
sorption plays an important role in the overall dynamics of
the nonlinear optical transmittance of nanoparticle-containing
compounds in the UV range, taking into account a saturation
of the intermediate states responsible for the saturated absorp-
tion in the case of femtosecond and picosecond pulses. The
nonlinear absorption coefficient of an Ag:water suspension at
λ = 397.5 nm was measured to be 3 ×10−9 cm W−1.

The only nonlinear optical process observed at λ =
795 nm in the silver suspensions was a nonlinear absorption
caused by two-photon processes in these compounds. The
nonlinear absorption coefficient of the Ag:water suspension
was measured to be 8 ×10−9 cm W−1 (at λ = 795 nm, t =
800 fs). In the case of 397.5 nm, 1.2 ps radiation, a weak posi-
tive nonlinear refraction was registered in the closed-aperture
z-scans. The γ and Reχ(3) of the Ag:water suspension
were calculated to be 3 ×10−13 cm2 W−1 and 2 ×10−12 esu,
respectively.

The saturated absorption of the Ag nanoparticles embed-
ded in silica glass matrices was previously observed as far
as 355 nm. We also registered this process in Ag:water sus-
pension in the case of 397.5 nm, 1.2 ps radiation (Fig. 2).
The solid line in Fig. 2 was calculated by setting β =
−1.5 ×10−9 cm W−1. The Is was evaluated to be
6 ×108 W cm−2. We estimated the third-order susceptibil-
ity of the nanoparticles to be

∣
∣χ(3)

∣
∣ ∼ 5 ×10−8 esu, assum-

ing a small volume ratio of silver in the liquid suspensions
(4 ×10−5).

4.2 Colloidal metals prepared by chemical methods

Colloidal metals demonstrate high nonlinearity
and a fast response, especially in the vicinity of SPRs. The dy-
namics of the spatial parameters of aggregated particles leads
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to the variations of their nonlinear optical characteristics. At
the same time, the physical nature of the variation of colloidal
metals’ nonlinear refractive indices remains unclear.

We present below, the results of the study of the non-
linear optical parameters of the colloidal metal suspensions
(silver, gold, and copper), prepared by chemical methods at
the wavelengths of the Nd:YAG laser and its second-harmonic
generated in different timescales (λ = 1064 nm and 532 nm,
t = 35 ps and 28 ns). To prepare the colloidal gold, 30 ml of
1% sodium citrate solution was added to 250 ml of boiling
tetrachloroauric acid solution. The mixture was boiled until
a deep wine red color was obtained, indicating the formation
of the colloidal gold suspension. For the preparation of the
colloidal Cu suspension we dissolved 4 g of CuSO4 in a liter
of distilled water. For the preparation of the Ag suspension we
dissolved 20 mg of collargol in 200 ml of distilled water and
heated this solution at 90 ◦C. Electron microscopy analysis
of silver fractal containing suspensions at the different stages
of aggregation showed the presence of the nanoparticle with
sizes that varied from 10 nm (for the non-aggregated state)
to 40–100 nm (for the aggregated state). Other samples also
showed the presence of nanosized structures.

All the colloidal suspensions excluding the gold one,
showed a positive nonlinear refraction at λ = 1064 nm. The
same picture was observed at λ = 532 nm except for the cop-
per suspension, where the nonlinear refraction changed its
sign from positive (at 1064 nm) to negative (at 532 nm). The
nonlinear absorption of picosecond pulses was observed in the
case of colloidal gold. The nonlinear absorption coefficients
for colloidal gold were measured to be 1 ×10−12 cm W−1

(at λ = 1064 nm, t = 35 ps) and 9.4 ×10−12 cm W−1 (at λ =
532 nm, t = 35 ps).

Our studies of colloidal metals using the nanosecond
pulses showed that their nonlinear susceptibilities were two to
three orders of magnitude higher than those measured using
the picosecond pulses. In the case of nanosecond pulses, we
observed a variation of the pulse shape after the propaga-
tion of radiation through the cell and aperture, indicating the
influence of a thermal effect. The dynamics of the nonlin-
ear optical parameters with the growth of aggregation re-
mained the same as for the picosecond pulses. It should be
noted that, in the case of nanosecond pulses, we did not ob-
serve a nonlinear absorption up to the maximum intensities
used (I = 8 ×109 W cm−2), which was considerably smaller
than the maximum intensity of the picosecond pulses (I0 =
4 ×1011 W cm−2). The γ of silver colloids in this case was
measured to be −9 ×10−13 cm2 W−1.

The colloidal solution of metallic platinum was prepared
in the following way. The initial material for the preparation
of a reference colloidal solution was metallic platinum, 0.1 g
of which upon heating was dissolved in several milliliters of
a mixture of nitric and hydrochloric acids. After evaporation
of the solution, the dry residue was again dissolved in 20 ml
of diluted (1 : 1) hydrochloric acid. After dissolution in the
distilled water, one milliliter of the aqueous solution of this
compound contained one milligram of platinum. According to
the TEM analysis, the dimensions of Pt clusters ranged from
10 to 60 nm, depending on the degree of metal aggregation.

The nonlinear optical susceptibility of this compound was
determined from the third harmonic generation (THG) meas-

urements. The dependence of the third harmonic (TH) in-
tensity on the fundamental radiation intensity I3ω(I ) was
measured using the Nd:YAG laser (λ = 1064 nm, t = 35 ps).
The slope of this dependence remained close to 2.8 up to
I = 5 ×1010 W cm−2.

The phase-matching conditions (∆k = k3 −3k1 = 0, where
k1 and k3 are the wave vectors of fundamental and harmonic
radiation), which are also determined by the fundamental ra-
diation focusing parameters should be fulfilled for efficient
frequency conversion. In our experiments, the laser radiation
was focused by a 25 cm focal length lens. A confocal pa-
rameter of focusing radiation was measured to be b = 6 mm.
The thickness of the nonlinear medium was 1 mm, i.e. the
conversion process took place under the conditions of weak
focusing. In this case the phase matching conditions for the
THG take place in the region of negative dispersion of in-
vestigated medium [9]. The Pt-containing colloids possess
a positive dispersion for the THG in the region of the TH
(λ = 354.7 nm). This conclusion was drawn on the basis of the
absorption spectra investigations. The phase-matching condi-
tion was not fulfilled for the observed process. The value of
the TH intensity in this case is defined as follows [10]:

I3ω = γ 2l2 I3
10 exp(−6k1r2/b)

sin2 ∆(l, r)

∆2(l, r)
. (7)

Here γ1 = 24π3χ(3)(−3ω; ω,ω,ω)/(n3/2
1 n1/2

3 cλ1); ∆(l, r) =
2b/l − α1 − β; α1 = 2l∆k is the normalized phase-
mismatching; β = 72π3l∆χk I10 exp(−2k1r2/b)/(n2

1cλ1);
∆χk = χ(3)(−ω; ω,ω,−ω)/2−n1χ

(3)(−3ω; 3ω,ω,−ω)/n3

is the difference of the Kerr-induced nonlinearities responsi-
ble for refraction index changes at the wavelengths of funda-
mental and harmonic radiation in the fundamental field; λi , ki

and ni are the wavelengths, the wave numbers, and the refrac-
tion indices at a frequency of i-radiation, I10 is the maximal
intensity at the plane of the beam waist, and l is the thickness
of nonlinear medium.

This equation is fulfilled under low influence of the self-
interaction effects (|β| � b/l). For the calculation of the THG
at the strong influence of the self-interaction processes, we
used more complicated equations, which took in to account
the variations of the wave fronts of the interacted pulses (ef-
fects of self-focusing and self-defocusing). Equation (7) was
integrated for the calculation of the THG conversion effi-
ciency.

Parameter α1 in our experiments did not exceed 0.05,
thus the phase mismatching and linear absorption of the Co-
containing solution should not drastically influence the fre-
quency conversion. Under these conditions, the dependence
of the TH intensity on the nonlinear medium concentration
should be close to quadratic which agreed with our experi-
ments. The dependence of the TH intensity on fundamental
radiation at small intensities of pump radiation should have
a cubic slope, which was also confirmed by the experimental
data.

The growth of laser intensity (I > 5 ×1010 W cm−2) led to
a declination from the cubic slope. In our experiments the ra-
diation intensity was below the optical damage threshold of
the Pt-containing suspension (Iod = 7 ×1011 W cm−2). Prob-
ably, the reason for the observed declination from the cubic
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dependence is due to the influence of Kerr-induced nonlinear-
ity that leads to the variations of the phase relation between
the fundamental and generated radiation. With the increase
of intensity the refractive indices change at the wavelengths
of fundamental and TH radiation. The investigated slope of
I3ω(I ) dependence can be both increased and decreased de-
pending on the sign of the nonlinear refractive index.

The analysis of (7) also shows that, with the growth of
fundamental intensity, the slope of the I3ω(Iω) dependence
slightly declines from the cubic one due to the Kerr-induced
nonlinearities responsible for the changes of refractive in-
dices at the fundamental and TH wavelengths. The maximum
THG conversion efficiency for colloidal platinum was meas-
ured to be 7 ×10−7. No TH signal was detected for other in-
vestigated metal-containing colloids (colloidal gold and col-
loidal silver). Taking into account our experimental condi-
tions and (1), the nonlinear susceptibility of colloidal plat-
inum χ(3)(−3ω; ω,ω,ω) was measured to be 1.5 ×10−14 esu.

4.3 Metal-doped glasses

Metal-doped insulator matrixes attracted attention
more than two decades ago [11]. These investigations are of
great interest nowadays [4, 12–14] due to the potential appli-
cations of such materials as ultrafast optical switching sys-
tems and optical limiters. Here we present the results of our
studies of the nonlinear optical properties of the copper and
silver nanoparticles implanted in glass matrixes. The silica
glasses (SG) containing 100% SiO2 and the soda-lime sili-
cate glasses (SLSG) containing 70% SiO2, 20% Na2O, and
10% CaO were used as the matrices for the preparation of the
composite materials. These glasses were prepared as 1 mm
(SG) and 3 mm (SLSG) thick plates. 60 keV ions at doses of
4 ×1016 and 8 ×1016 ions/cm2 were used for the implanta-
tion of Ag+ and Cu+, respectively. The depth of implantation
of the metal nanoparticles was measured to be 60 nm. X-ray
reflectometry showed the average sizes of the Cu nanopar-
ticles to be in the range of 3–5 nm. The silver-implanted
samples were characterized by a broader size distribution of
nanoparticles (from 2 to 18 nm) [15, 16]. The formation of
metal nanoparticles was also proven by the appearance of se-
lective absorption lines in optical transmission spectra with

FIGURE 3 (a) Normalized transmittance dependencies of (1) Ag:SLSG, and (2) Ag:SG in the case of open-aperture z-scan scheme at the laser radiation
intensity of I0 = 2.5×10

9
W cm−2. Solid lines show the theoretical fits. (b) Normalized transmittance as a function of Cu:SG position in the case of the

open-aperture z-scan scheme (I0 = 5.4×109 W cm−2). Solid line is the theoretical fit. Inset: Transmission spectra of SG (1) before and (2) after implantation
of copper ions

absorption maxima in the ranges of 400–450 nm (for silver-
doped glasses) and 550–600 nm (for copper-doped glasses)
corresponding to the SPRs of silver and copper nanoparticles.

We used the radiation of the Nd:YAG laser as well as its
second- and third-harmonic radiation for the analysis of the
nonlinearities of these samples in different spectral ranges.
The output characteristics of the Nd:YAG laser radiation (λ =
1064 nm) were as follows: t = 55 ps, E = 1 mJ, at a 2 Hz pulse
repetition rate. A peculiarity of copper-doped glasses was
a difference in the sign of the γ of SG and SLSG glasses at the
same implantation conditions. Cu:SG and Cu:SLSG samples
were characterized by the self-defocusing and self-focusing
properties, respectively, thus showing the importance of the
matrix in the determination of the nonlinear optical process.
We defined the γ of SLSG and Cu:SLSG to be 2.3 ×10−16

and 1 ×10−10 cm2 W−1, respectively. The values of β for
Cu:SLSG and Cu:SG were measured to be 3.4 ×10−6 and
9 ×10−6 cm W−1, respectively. The corresponding absolute
value of the nonlinear susceptibility of Cu:SG was calculated
to be |χ(3)| = 2.4 ×10−8 esu.

The self-focusing was observed for both silver-containing
samples. The composites containing silver nanoparticles are
characterized by different locations of SPR maxima depend-
ing on the substrate type. The SPRs of Ag:SG and Ag:SLSG
were located at 415 and 440 nm, respectively. The doubled
frequency of laser radiation (λ = 1064 nm) is smaller than the
SPR frequencies of Ag nanoparticles in both matrixes, which
corresponds to a positive sign of the refractive nonlinearity.

The output characteristics of second-harmonic radiation
were as follows: t = 55 ps, E = 0.26 mJ, and λ = 532 nm.
Figure 3a shows the normalized transmittance dependen-
cies of silver-doped SLSG and silver-doped SG samples
measured using the open-aperture z-scan scheme at I0 =
2.5 ×109 W cm−2. The transmission of samples was in-
creased due to saturated absorption as they were approaching
close to the focal plane.

After the fitting of theoretical curves with experimen-
tal data the nonlinear absorption coefficients of Ag:SLSG
and Ag:SG were calculated to be −6.7 ×10−5 and −3.6×
10−5 cm W−1, respectively. The relation between the nonlin-
ear absorption coefficient and saturated intensity can be writ-
ten as β = −α0/Is. The Is was evaluated for these two samples
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to be 1.1 ×109 W cm−2 (Ag:SLSG) and 1.4 ×109 W cm−2

(Ag:SG).
The open-aperture T(z) dependence of Cu:SG sam-

ple (Fig. 3b) can be explained in terms of the concurrency of
positive and negative absorption nonlinearities, which arose
from the excited state absorption. The best theoretical fit
in that case was obtained with β = 6 ×10−6 cm W−1 and
Is = 4.3 ×108 W cm−2.

The normalized transmittance dependencies of Ag:SLSG
and Ag:SG samples obtained using a closed-aperture scheme
at I0 = 2.5 ×109 W cm−2 showed a negative value of the
nonlinear refractive index at λ = 532 nm. From the fits of
the theoretical curves and experimental data the values of γ

and Reχ(3) were calculated to be −4.1 ×10−10 cm2 W−1 and
−2.4 ×10−8 esu for Ag:SLSG, and −6.2 ×10−10 cm2 W−1

and −3.5 ×10−8 esu for Ag:SG.
Nonlinear optical studies of metal nanoparticles were gen-

erally carried out in the visible and near IR ranges. At the same
time such structures can possess interesting nonlinear opti-
cal properties in the UV range. The parameters of the third-
harmonic radiation of the Nd:YAG laser, which we used in our
studies of silver- and copper-doped glasses in the UV range,
were as follows: t = 55 ps, E = 0.1 mJ, λ = 354.7 nm. The
normalized transmittance dependence in the closed-aperture
scheme showed a negative sign of the nonlinear refraction
for the Ag:SG sample. An observed asymmetry of this de-
pendence, where peaks exceed valleys, characterizes a satu-
rated absorption in the sample. From the fit of the theoretical
calculations and experimental data the nonlinear optical pa-
rameters were found to be γ = −7.6 ×10−10 cm2 W−1 and
β = −1.4 ×10−5 cm W−1 for Ag:SG. A corresponding value
of Imχ(3) was calculated to be −2.7 ×10−9 esu. For com-
parison, an analogous parameter for Ag nanocrystal-glass
composite, though at the smaller volume part, was previ-
ously reported to be −0.8 ×10−10 esu in the same spectral
region [17]. Taking into account a definition of the third-
order nonlinear optical susceptibility of nanoparticles [18],
the latter value for silver nanoparticles was comparable in
our and previous work [17]. The same measurements for
Cu:SG allowed determining γ = −1.7 ×10−10 cm2 W−1 and
β = −6.7 ×10−6 cm W−1.

4.4 Cobalt-doped polyvinylpyrrolidone

Here we present the results of the study of cobalt
nanoparticles-doped polyvinylpyrrolidone (PVP). PVP has
the advantage of accepting high concentrations of various
guest molecules and atoms without the loss of its good opti-
cal properties (in particular a negligible scattering). Aqueous
solutions of the Co-doped PVP at different concentrations
of cobalt (2, 5.3, 6.2 and 13.5 wt. %) were used. We did not
carry out the direct measurements of the sizes of Co nanopar-
ticles. However, the absorption measurements of Co-doped
PVP showed a characteristic absorption peak near the surface
plasmon resonance of cobalt nanoparticles (525 nm).

The investigations of the nonlinear optical characteristics
of the Co-doped PVP solutions were carried out at the wave-
lengths of 1064 and 532 nm (t = 35 ps). The nonlinear refrac-
tive indices of the 13.5% cobalt-doped PVP solution were
measured to be −3.6 ×10−15 and −2.7 ×10−14 cm2 W−1

FIGURE 4 Normalized transmittances of Co nanoparticle-doped PVP as
a functions of the laser radiation intensity at the wavelengths of 532 and
1064 nm

at 1064 and 532 nm, respectively. The nonlinear absorption
studies showed that this process was observed only at λ =
532 nm. A decrease of transmittance at the wavelength of
532 nm was due to the reverse saturated absorption, which
was manifested in a number of organometallic and poly-
mer structures in the visible range [19]. The nonlinear ab-
sorption of 13.5% cobalt-PVP solution was measured to be
3.2 ×10−9 cm W−1.

Figure 4 shows the dependencies of the normalized trans-
mittance of cobalt-doped PVP solutions at different laser in-
tensities in the case of a closed-aperture scheme. In the case
of λ = 1064 nm the solution-containing cell was kept in the
region of lowest transmittance and the optical limiting was at-
tributed to the self-defocusing. Another picture was observed
at the wavelength of 532 nm. In this case the optical limiting
was attributed to both the self-defocusing and nonlinear ab-
sorption. The nonlinear absorption can be explained by the
influence of both two-photon absorption and reverse saturated
absorption (at high intensities).

5 Semiconductor nanoparticles (GaAs, CdS, As2S3)

Laser ablation is an effective technique for the
preparation of semiconductor nanoparticle suspensions. The
local field enhancement of nanoparticles in colloidal suspen-
sions and the considerable nonlinear optical susceptibilities
of chalcogenide structures, can lead to the interesting fea-
tures of such semiconductor nanoparticles prepared by laser
ablation. This technique was used for the preparation and in-
vestigation of aqueous colloidal suspensions of As2S3 and
CdS nanoparticles.

A Q-switched Nd:YAG laser (λ = 1064 nm, t = 20 ns,
E = 15 mJ) operating at a 10 Hz pulse repetition rate was used
for the laser ablation of As2S3 and CdS semiconductors. The
samples (bulk As2S3 or CdS) were placed in a quartz cell
containing distilled water and irradiated for 15–25 min. This
technique allowed synthesis of semiconductor nanoparticles
with sizes of 2–8 nm. The volume ratio of nanoparticles in
the suspensions was estimated to be 4 ×10−5. The observed
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UV absorption edge of the synthesized CdS nanoparticles
(λ = 320 nm, Eg = 3.86 eV) was blue-shifted in comparison
to that of bulk CdS (λ = 490 nm, Eg = 2.53 eV), thus confirm-
ing the formation of nanoparticles in suspensions. The same
properties were observed in the case of As2S3 nanoparticle
suspensions. The TEM analysis also confirmed the presence
of nanoparticles.

The value of γ for CdS suspension at λ = 532 nm
was calculated from the closed-aperture z-scans to be 4×
10−15 cm2 W−1. The small values of nonlinear optical pa-
rameters of these suspensions were caused by the low con-
centration of nanoparticles. However, taking into account the
volume ratio of semiconductor nanoparticles, we estimated
that their nonlinearities exceeded those of bulk materials.

The analysis of the sign of the nonlinear refraction of
semiconductor nanoparticle suspensions was carried out
using Kramers–Kronig transformations. Such nanostructures,
for instance CdS, can exhibit the other sign of γ compared to
that for bulk CdS at λ = 532 nm. The intrinsic measure of the
size at which the variations of nonlinear optical processes be-
gin to become important is given by the diameter of the 1S
exciton in bulk crystalline material [20]. For CdS, this diam-
eter is 6 nm. The calculations of the shift of the band gap for
different sizes of CdS nanoparticles were reported in [20]. We
assumed that the influence of small nanoparticles can change
the sign of the nonlinear process (from self-defocusing to
self-focusing). In our case the hω/Eg becomes equal to 0.65,
which corresponds to the positive sign of γ . These assump-
tions were confirmed by our observations, which have shown
the change of sign of the nonlinear optical process in the case
of small nanoparticles.

An analogous consideration was carried out for As2S3

suspension. Its energy band gap shifted from 2.37 eV (bulk
As2S3) to 3.19 eV (semiconductor suspension). The absorp-
tion cut-off in that case was not as evident as in the case of
the CdS suspension, indicating a broader size distribution of
As2S3 nanoparticles.

In the next set of studies we analyzed the GaAs nanopar-
ticles ablated in various liquids. Laser ablation of GaAs

FIGURE 5 Absorption spectra of 10 mm thick GaAs:EG suspension (1)
one and (2) three weeks after ablation, (3) silver:EG suspension, (4) pure
ethylene glycol, and (5) 500 µm thick bulk GaAs wafer

was carried out using the second-harmonic radiation of the
Nd:YAG laser. The volume ratio of GaAs in the liquid suspen-
sions was estimated to be 2 ×10−4. The TEM measurements
conducted just after laser ablation showed the appearance of
long-sized nanoparticles. The nanoparticles distribution was
considerably narrowed after the sedimentation of long-sized
nanoparticles (as in the case of silver ablation) with the small
nanoparticles (ranging from 5 to 15 nm) dominating in the
GaAs suspension.

The absorption spectra of suspensions were similar to
those of quantum-confined GaAs nanocrystals embedded
in glasses [21], exhibiting a broad absorption throughout
the visible and UV ranges. Figure 5, curve 1, shows the
absorption spectrum of GaAs nanoparticles suspended in
ethylene glycol (GaAs:EG). The absorption curve was con-
siderably blue-shifted compared to that of the bulk GaAs
(curve 5). The effect of liquid degradation inside the fo-
cal volume was negligible in the case of water, ethanol,
and ethylene glycol since our observations of silver ablation
in analogous conditions have shown an absorption spec-
trum, which can be attributed to the SPR of silver (curve 3).
However, in the case of silicon oil we observed its degra-
dation during the ablation of both GaAs and Ag. The vari-
ations of the absorption spectra of GaAs nanoparticles in
water, ethylene glycol, and ethanol induced by the sedimen-
tation of long nanoparticles were observed for a period of
one month (curves 1 and 2). In the case of the GaAs ab-
lated in silicon oil, the nanoparticle size distribution and
absorption spectra remained constant for a long time due
to the high viscosity of the host material. In that case we
observed an inhomogeneous distribution of GaAs particles
ranging from big blocks (0.2–10 µm) to nanoparticle-sized
structures.

The beam shape variations in the far field in the case
of GaAs:EG suspension obtained using the radiation of
a Ti:sapphire oscillator (λ = 795 nm, W = 300 mW, t =
100 fs, 80 MHz pulse repetition rate) allowed analysis of the
influence of thermally induced nonlinearities. A strong ther-
mally induced self-defocusing was clearly seen in the CCD
images. At z = z1, the self-defocusing concentrated radia-
tion in the far field. At z = z2, the self-defocusing led to the
appearance of a ring-shaped beam. The z1 and z2 positions
correspond to the peak and valley of normalized transmittance
in the case of the closed-aperture z-scan. The thermally in-
duced nonlinear refractive index of GaAs:EG suspension was
measured to be γ = −4 ×10−13 cm2 W−1.

The application of short laser pulses (in picosecond and
femtosecond ranges) at low pulse repetition rates allows the
exclusion of the influence of slow thermally induced non-
linear optical processes and analysis of the self-interaction
mechanisms caused by the electronic response of GaAs
nanoparticles. Our studies using 795 and 397 nm radiation
of a femtosecond laser were performed at intensities up to
I0 = 1 ×1011 W cm−2, however, we did not register the in-
fluence of GaAs nanoparticles on the nonlinear refractive
properties of GaAs:liquid suspensions. The only nonlinear
optical process in GaAs nanoparticle-containing suspensions
was a nonlinear absorption at 795 nm due to two-photon
processes in these compounds. After fitting the theoretical
curve with experimental data, the nonlinear absorption co-
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efficient of GaAs:water suspension was calculated to be
0.7 ×10−9 cm W−1.

6 Discussion and conclusions

The real values of the nonlinear susceptibilities of
nanoparticles are considerably higher that those of the so-
lutions. A simple and well-established method for the esti-
mation of the nonlinear susceptibilities of nanoparticles is to
divide the nonlinear susceptibility of compound by the vol-
ume part of nanoparticles. The χ(3) values of composites are
enhanced by the fourth power of the local field factor as

χ(3) = p| fl|2 f 2
l χ(3)

n , (8)

where χ(3)
n is the third-order nonlinear susceptibility of

nanoparticles, fl is the local field factor, and p is the volume
fraction of nanoparticles [22]. The same procedure can be ap-
plied to the definition of the nonlinear refractive indices and
nonlinear absorption coefficients of nanoparticles.

The volume part of Ag nanoparticles in the liquids was
measured to be 4 ×10−5, from where the nonlinear suscepti-
bility of the Ag nanoparticles were defined to be 5 ×10−8 esu.
The same can be said in the case of GaAs suspensions. From
the data of the volume part of GaAs nanoparticles in the sus-
pensions (2 ×10−4) and the nonlinear absorption coefficient
of GaAs:water suspension (7 ×10−10 cm W−1) one can cal-
culate the nonlinear absorption coefficient induced by GaAs
nanoparticles (3.5 ×10−6 cm W−1).

In the case of the metal colloidal suspensions (Ag, Au,
Cu, Pt) prepared by chemical methods, the estimated vol-
ume part of metal nanoparticles was in the range of 10−3.
The corresponding nonlinear absorption coefficients and
nonlinear refractive indices of metal nanoparticles were es-
timated to be 9.4 ×10−9 cm W−1 (Au nanoparticles) and
−9 ×10−10 cm W−2 (Ag nanoparticles).

The volume part of the Ag and Cu nanoparticles doped
in glass matrices using the beam implantation was estimated
to be in the range of 5 ×10−2 in the thin under-surface layer
(60 nm). The corresponding value of γ of these nanoparticles
was estimated to be in the range of 2 ×10−9 cm2 W−1, while
the nonlinear susceptibility of nanoparticles was calculated to
be 0.5 ×10−6 esu.

In the case of 13.5% cobalt nanoparticle-doped PVP solu-
tion, the nonlinear refractive indices of Co nanoparticles were
measured to be −3 ×10−14 and −2 ×10−13 cm2 W−1 (at
1064 and 532 nm, respectively), while the nonlinear absorp-
tion coefficient of Co nanoparticles at 532 nm was calculated
to be 2 ×10−8 cm W−1.

The values of γ of the semiconductor nanoparticles (CdS,
As2S3) dissolved in water were estimated to be in the range of
10−10 cm2 W−1, taking into account the volume part of these
species in aqueous solution (4 ×10−5).

All these measurements and estimations of the nonlinear
optical parameters of nanoparticles have shown that, in some
cases, they possess high nonlinear refraction, absorption and
susceptibility (up to 2 ×10−9 cm2 W−1, 3 ×10−6 cm W−1,
and 5 ×10−7 esu, respectively). These values are almost three
orders of magnitude higher compared to those measured from

various bulk media. This study confirmed the involvement of
quantum size effects in the growth of the nonlinear optical re-
sponse of small-sized particles.

In conclusion, we have presented studies of the nonlinear
optical properties of various nanoparticle-containing media
using the laser radiation generated in different spectral and
temporal ranges. The basic mechanisms involved in each class
of nanoparticle-containing materials are quite different. How-
ever, among the mechanisms involved in the case of different
samples, the Kerr-induced self-interaction, excited state satu-
ration, reverse saturates absorption, and multiphoton absorp-
tion play crucial roles in the variation of refractive indices and
absorption of these media. The observed positive sign of the
nonlinear refraction of As2S3 and CdS nanoparticle suspen-
sions was discussed, and an explanation based on size-related
effective band gap variations was offered. The simultaneous
appearance of saturated and reverse saturated absorption was
observed in the case of some metal nanoparticles doped in sil-
ica glasses and stabilizers, as well as colloidal suspensions of
various metals. Our studies of nanoparticle-containing media
confirmed a considerable nonlinear optical response of these
structures, especially in the vicinity of their SPRs.
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