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The nonlinear optical properties of the aqueous solutions of silver nanoparticles (Ag NPs) prepared by chemical reduction method
are analyzed using femtosecond and picosecond pulses at different wavelengths. In the case of 800 and 400 nm, the growths of
nonlinear absorption and nonlinear refraction with the increase of Ag NP concentration, as well as a change at the signs of
nonlinear optical processes, are determined. The nonlinear absorption coefficient and nonlinear refractive index of Ag NP
solutions measured using picosecond pulses were a few orders of magnitude larger than those in the case of femtosecond probe
pulses. We also demonstrate the optical limiting properties of Ag NPs using 800 nm, 60 fs pulses.

1. Introduction

Metal nanoparticles (NPs) have unique properties allowing
applications in mechanics, catalysis, magnetism, optics, elec-
tricity, new material development, and heat physics, due to
their morphology and size effects [1–5]. Among them, noble
metal NPs have potential applications in the field of nano-
photonics due to their strong nonlinear optical response,
thus attracting significant attention [4–8]. As a typical repre-
sentative of noble metals, silver nanoparticles (Ag NPs) are
particularly prominent [9–16]. Silver nanoparticles have
attracted large attention previously due to a possibility in
converting ultrafine silver nanoclusters to monodisperse sil-
ver sulfide nanoparticles [11], advanced performance of sil-
ver nanoparticles in the catalysis of the oxygen reduction
reaction in neutral media [13], newly developed methods of
diagnosis of breast cancer by surface-enhanced Raman spec-
troscopy of silver nanoparticles [14], enhanced antibacterial
activity of bifunctional Fe3O4-Ag core-shell nanostructures
[16], etc. Alongside the morphological properties, the optical

and nonlinear optical features of these small dimensional
structures became the subject of numerous studies.

The analysis of the nonlinear absorption coefficients and
nonlinear refractive indices of Ag NPs, as well as the explora-
tion of their potential applications, was reported in a few
studies [17–19]. There are experimental studies showing that
particle size, morphology, and surrounding medium of noble
metal NPs have great influence on their nonlinear optical
properties [20–23]. For example, Ag NPs with smaller parti-
cle sizes demonstrated weak nonlinear optical response,
while larger particles were characterized by strong saturable
absorption (SA) [20]. With the increase of particle sizes, non-
linear absorption has shown a shift from two-photon absorp-
tion (2PA) to SA, while nonlinear refraction was transformed
from self-defocusing to self-focusing [21]. The SA caused by
the ground state bleaching can lead to decrease of absorption
in the sample. At the same time, the change of incident inten-
sity of a probe laser pulse can also cause the variation of non-
linear optical properties, such as the shift from SA to reverse
saturable absorption (RSA) [24, 25]. As the incident intensity
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increases, the RSA leads to enhancement of nonlinear
absorption in the sample.

The collective oscillation of free electrons in Ag NPs
results in the appearance of a strong surface plasmon reso-
nance (SPR) at ~410 nm. The characteristic absorption peak
of SPR in the visible band, fast time response, and large non-
linear optical properties make Ag NPs attractive for research
and applications in optical communication, optical storage,
optical switch, polarization sensitive photodetectors, and
nonlinear optics [14, 21, 26]. Previous research on the non-
linear optical properties of Ag NPs was mainly focused on
the influence of incident intensity on their characteristics.
There is a number of studies which show that Ag NPs dem-
onstrate SA at low pulse intensity, while at higher intensities,
the RSA becomes a dominating process. There are also a few
reports on the variations of optical nonlinearities at different
morphologies of Ag NPs [22, 23]. However, to the best of our
knowledge, there are no systematic studies reported on the
optical limitation, the influence of different concentrations
of Ag NPs in liquids, and the effects of laser pulse duration,
wavelength, and repetition rate on their nonlinear optical
properties.

In this paper, we analyze the nonlinear absorption and
nonlinear refraction of Ag NP aqueous solutions of different
concentrations, which were prepared by chemical reduction
method. Z-scan measurements at different pulse durations
(40 fs, 200 ps, and, in some cases, 5 ns) and wavelengths
(800, 400, and 355 nm) are presented. We analyze the influ-
ence of different pulse repetition rates on the nonlinear opti-
cal characteristics. Additionally, we present our optical
limiting and pump-probe studies of these NP solutions.

2. Experimental Arrangements

2.1. Preparation and Characterization of Ag NPs. Ag NPs
were synthesized by a chemical reduction of silver nitrate
(AgNO3) and sodium borohydride (NaBH4). 0.043 g of
AgNO3 was dissolved in 50mL deionized water, and 0.012 g
of NaBH4 was dissolved in 150mL of deionized water. The
obtained NaBH4 solution was placed under the condition of
an ice water bath (0°C) and stirred quickly. The AgNO3 solu-
tion was trickled slowly and evenly into the NaBH4 solution,
allowing it to react fully under the ice water bath. With the
addition of AgNO3, the solution gradually turned yellow,
indicating that Ag NPs are formed. Ag NPs with different
concentrations were obtained by adding different amounts
of AgNO3 solution.

The absorption spectra of prepared Ag NP solutions were
measured by the UV-visible spectrophotometer (Cary Series,
Agilent Technologies). The absorption spectra of solutions at
the two concentrations are shown in Figure 1(a), which dem-
onstrates the SPR absorption peaks at around 400nm. In the
case of the UV-visible spectral measurements, we used the
10mm thick quartz cells. Therefore, at 400 nm probe radia-
tion, we observed the high absorbance of the cell containing
larger concentration of Ag nanoparticles. We did not use
these cells for Z-scans due to large absorbance at 400 nm
and long length of medium, which exceeds the Rayleigh
length of the focused beam. In the latter case, the

conventional relations of Z-scans are not applicable for the
fitting procedure, while in the former case, one can meet with
the problem of the validity of the Z-scan formalism and
approximations at high absorbance. Because of these two rea-
sons, we used the 2mm thick fused silica cells for our Z-scan
studies, to exclude the problems of the validity of our
Z-scans. In that case, the absorbance at the SPR of Ag nano-
particles became equal at 1.1 instead of 2.5 in the case of the
10mm thick cell.

The intensities of absorption peaks were proportional to
the concentrations of NPs. The morphology and particle size
of Ag NPs were measured by a scanning electron microscope
(SEM) (S-4800, Hitachi). The NPs exhibited a regular spher-
ical structure (Figure 1(b)). The particle size distribution lay
between 7 and 20nm, with mean size of 13nm.

To calculate the Ag NP concentration, we followed the
method reported in Ref. [27]. It was assumed that Ag atoms
form the spherical NPs with a close packing of the surface
core. The volume of Ag atoms in the particles was estimated
to be 74%, and the particle size of Ag NPs was calculated to be
13 nm. From these data, the concentrations (C) of the two
solutions of Ag NPs were calculated to be 1 5 × 10−9 and
4 7 × 10−9 mol/L.

NP suspensions were periodically tested during the
two-month period of these studies. Absorption spectroscopy
and SEM analysis showed that basic characteristics, such as
SPR peak, particle sizes, and morphology, remain stable.

2.2. Z-Scan, Pump Probe, and Optical Limiting Schemes. The
Ti:Sapphire laser (Spitfire Ace, Spectra-Physics) was used in
these studies. It provided the 60 fs pulses at a wavelength of
800 nm and a repetition rate of 1 kHz. 10% of the output from
the regenerative amplifier of this laser was separated prior to
the compressor stage from the main beam and used in differ-
ent stages of these studies. The duration of these uncom-
pressed pulses (200 ps) was measured by a homemade
autocorrelator. To study the effect of different wavelengths
of probe pulses on the nonlinear optical characteristics of
Ag NPs, the barium borate (BBO) crystal was used to convert
800 nm radiation to its second harmonic (λ = 400 nm).

Figure 2 shows the experimental setups for the Z-scan,
pump probe, and optical limiting studies, respectively. The
standard single-beam Z-scan scheme [28] was used for the
measurements of the nonlinear optical properties of NPs
(Figure 2(a)) using picosecond and femtosecond pulses.
The laser pulse was focused by a lens with a focal length of
400mm, and then, the radiation transmitted through the
sample was measured by power meter or photodiode. The
full widths at half maximum and 1/e2 maximum of intensity
distribution of the 800nm radiation at the focal plane were
measured to be 42 and 76μm, respectively. The aperture in
front of the registrar was fully opened in the case of the
open-aperture (OA) scheme. The nonlinear absorption coef-
ficient (β) of Ag NPs was calculated from the OA Z-scan
curve. To obtain closed-aperture (CA) Z-scan, the aperture
was partially closed to allow 10% of incident energy to pass
through towards the photodiode. The CA Z-scan curve
allowed the determination of both β and nonlinear refractive
index (γ) of the analyzed Ag NP solution. Before the Z-scan

2 Journal of Nanomaterials



measurements, we analyzed the spatial characteristics of
probe beams using a CCD camera (Thorlabs) and confirmed
that the beam profiles in the focal area were close to Gauss-
ian, which is a prerequisite for the analysis of Z-scan traces
using the relations developed for this technique.

The transient absorption (TA) measurements of Ag NP
solutions were carried out by the pump-probe technique
using 400nm, 60 fs pulses. The laser pulse from the ampli-
fier was split in the ratio of 30 : 70 with the use of a beam
splitter. The transmitted beam was used as a pump pulse,
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Figure 1: (a) UV-visible absorption spectra of the two Ag NP solutions of different concentrations. (b) SEM image of Ag NPs and
corresponding size distribution.
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Figure 2: Experiment layouts for the (a) Z-scan, (b) pump probe, and (c) optical limiting studies. (a) B: barium borate crystal (BBO); F: filters;
L: lens, f = 400mm; S: sample; A: aperture; R: recording device. (b) BS: beam splitter; M: mirrors; L: lens, f = 400mm; I: iris apertures; BBO:
barium borate crystal; D: detector; SPF: short pass filter; S: sample. (c) L: lens, f = 400mm; P: power meter; S: sample; C: computer; O:
oscilloscope; Ph: photodiode.
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and the reflected beam was used as a probe pulse
(Figure 2(b)). The probe pulse passed through the pair of
mirrors mounted on a motorized translating stage, which
served as a time delay control between pump and probe
pulses. A 2mm thick BBO crystal was used to generate
the 400nm pulses for our experiments. Pump and probe
pulses were focused on the 2mm fused silica cell containing
the Ag NP solution using 300mm focal length lens. The
energy and beam waist ratios of pump and probe pulses
at focus were adjusted to be 10 : 1 and 1 : 2, respectively, to
match the conditions required for TA. The zero time delay
for pump and probe pulses was determined using the
0.2mm thick type-I BBO crystal at the sample position
using two 800nm beams. Time delay between pump and
probe pulses was controlled using the motorized translating
stage. Ultrafast photodiode was used to measure the trans-
mittance of the probe pulse through the sample with
respect to the sample’s position, which was further con-
verted to the time units. The mixed domain oscilloscope
(MDO3054, Tektronix) was used for the acquisition of a
photodiode signal with respect to the translation stage
driven by the motion controller (EPS 301, Newport).

In the case of optical-limiting experiments, the samples
were installed in the focal plane (Figure 2(c)). We gradually
increased the energy of the 800 nm, 60 fs pulses and analyzed
a decrease of transmittance of the cells filled with low
(1 5 × 10−9 mol/L) and high (4 7 × 10−9 mol/L) concentra-
tions of Ag NPs.

3. Results

3.1. Nonlinear Optical Relations of Z-Scans. The low and high
concentration Ag NP solutions were prepared by similar
chemical method. Therefore, they had the same particle size
and shape. Their morphology is shown in Figure 1(b). The
SEM image presents a uniform structure of spherical NPswith
the particle size distribution centered at 13 nm (see inset in
Figure 1(b)). In these experiments, we used laser pulses of dif-
ferent durations to conduct the OA and CA Z-scans of these
Ag NP solutions. Studies were performed at 800 and 400nm
wavelengths using picosecond and femtosecond pulses.

For the OA Z-scan curve, the following formula was used
for the fitting with experimental data [28]:

T z = 〠
∞

m=0

−q m

m + 1 3/2 ≈ 1 − q

2 2
, q = βI0Leff

1 + z2/z20
1

Here, β is the nonlinear absorption coefficient deter-
mined in SI units; Leff = 1 − exp α0L /α0 is the effective
length of the medium; α0 is the linear absorption coefficient;
L is the thickness of our samples; z0 is the Rayleigh length;
z0 = k w0

2/2, k = 2π/λ, is the wave number; w0 is the beam
waist radius at the 1/e2 level of intensity distribution; and I0
is the laser radiation intensity in the focal plane. By defining
from fitting the value of q0 = βI0Leff at focal plane z = 0 , one
can find the nonlinear absorption coefficient β = q0/I0Leff .

The formula used for SA fitting is [29]

T z = 1 + I0
Isat × 1 + z2/z02

2

Here, Isat is the saturation intensity, which depends on
the concentration of the Ag NPs in the solution, the effective
cross-sections of nonlinear optical processes, and the relaxa-
tion time constants. This parameter indicates the intensity at
which the transmittance of the sample increases two times
due to the bleaching.

For the CA Z-scan curve, the following formula was used
for the process of nonlinear refraction and absorption [30]:

T z = 1 + 2 −ρx2 + 2x − 3ρ
x2 + 9 x2 + 1 ΔΦ0, 3

where x = z/z0, ρ = β/2kγ, ΔΦ0 = kγI0Leff , and ΔΦ0 is the
phase change due to nonlinear refraction. The corresponding
nonlinear refractive index can be obtained using the relation
γ = ΔΦ0/kI0Leff . Then, β can be calculated from the ρ deter-
mined using the fitting procedure.

Before these experiments, the fused silica cell containing
deionized water was tested by the Z-scan at different pulse
energies. In that case, we did not observe any nonlinear opti-
cal absorption and refraction. Meanwhile, the nonlinear opti-
cal response of the aqueous suspension containing Ag
nanoparticles was observed even at low pulse energy. There-
fore, it was concluded that the nonlinear optical refraction
and absorption of studied colloidal suspension can be attrib-
uted solely to the silver nanoparticles.

3.2. Z-Scan Measurements Using Picosecond Pulses. In this
subsection, the 200 ps pulses were used for the OA and CA
Z-scans in the aqueous solutions of Ag NPs. The experimen-
tal results in the off-resonant case (800 nm) using 200 ps
pulses are shown in Figure 3. The theoretical fitting of exper-
imental results was carried out, and these curves are shown in
the corresponding figures.

The intensity of I = 6 × 107 Wcm-2 was used in the case of
low concentration Ag NP aqueous solution and OA Z-scan
(Figure 3(c)). This Z-scan curve shows the influence of 2PA.
The nonlinear absorption coefficient was calculated to be 2
× 10−8 cmW-1. At a higher concentration of AgNPs, the inci-
dent intensity was reduced by 15 times to 0 4 × 107 Wcm-2.
The nonlinear absorption in that case was also induced by
2PA, while the nonlinear absorption coefficient was increased
by 15 times (β = 3 × 10‐7 cmW-1, Figure 3(d)) compared with
that of a low concentration. The growth of the nonlinear
absorption coefficient is mainly caused by the increase of
the concentration. It was shown that the influence of the con-
centration of NPs in the solution on the nonlinear absorption
coefficient is far greater than that of the incident intensity.
The comparison of the nonlinear refractive indices of the
aqueous solutions of Ag NPs at the two different concentra-
tions measured using the CA Z-scan leads to similar conclu-
sion. In the case of CA Z-scans, we reduced the incident
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intensity from the 8 × 107 Wcm-2 at a low concentration to
0 4 × 107 Wcm-2 at a high concentration, while the nonlinear
refractive index in the latter case was increased by 10 times
(γ = 5 × 10‐13 and 5 × 10‐12 cm2W-1 in the cases shown in
Figures 3(a) and 3(b), respectively). Thus, the nonlinear
refractive index notably rises with the increase of the concen-
tration. Notice that measurements of β and γ of the same
sample at different intensities resulted in similar values,
which point out the insignificant influence of laser intensities
on these parameters at used experimental conditions.

CA Z-scan in the case of a higher concentration of NPs
also allowed the determination of β using the fitting of Eq.
(3) with experimental data (Figure 3(b)). The calculated
value of β in that case (2 × 10‐7 cmW-1) was close to the
one measured using the OA Z-scan (3 × 10‐7 cmW-1,
Figure 3(d)). We found β of the Ag NP solution from the
known γ, which was determined from the fitting of CA
experimental data, and ρ. Since any step in this procedure
provides some systematic errors, the determination of non-
linear absorption coefficient by this method becomes less
accurate, compared with the direct method of fitting the
OA Z-scan data. Thus, smaller uncertainty in the calculation
of β arises from a single-step procedure including the fitting
of the OA Z-scan curve.

In the case of 400nm, 200 ps pulses, the OA and CA Z-
scans were similarly performed using the two concentrations

of NPs. The experimental results and theoretical fittings are
shown in Figure 4. The same intensity in the focal plane
(1 × 107 Wcm-2) was used for the two concentrations during
these OA and CA Z-scans. In the case of the OA Z-scans,
RSA was the main mechanism of nonlinear absorption at dif-
ferent concentrations of NPs. At the conditions of a higher
concentration, the nonlinear absorption coefficient was two
times larger compared to the low concentration case
(β = 1 × 10‐7 and 2 × 10‐7 cmW-1, Figures 4(c) and 4(d),
respectively). The threefold growth of the nonlinear refractive
index for these twoconcentrationswasobserved (6 × 10‐13 and
2 × 10‐12 cm2W-1, Figures 4(a) and 4(b), respectively).

The increase of the NP concentration obviously enhanced
the nonlinear optical characteristics of the studied solution at
λ = 400 nm. However, there was not much of a significant
change in nonlinear optical parameters compared with those
of the 800nm probe pulses. The nonlinear optical characteris-
tics of the NPs of the same concentration at different wave-
lengths were compared and analyzed, and the results are as
follows. In the case of low concentration, even at significantly
(6 to 8 times) reduced intensity in the focal plane, the nonlin-
ear absorption coefficient and nonlinear refractive indexmea-
sured at λ = 400 nm were higher than those measured at the
800 nm wavelength. The same was also observed at higher
concentration conditions.
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Figure 3: Experimental results (spheres) and theoretical fittings (solid curves) of CA (a, b) and OA (c, d) Z-scans of the Ag NP solutions of
different concentrations (C = 1 5 × 10−9 mol/L (a, c), C = 4 7 × 10−9 mol/L (b, d)) using 800 nm, 200 ps laser pulses.
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3.3. Z-Scan Measurements Using Femtosecond Pulses. The
experimental results and theoretical fittings of OA and
the CA Z-scan using 800 nm, 60 fs pulses at the two con-
centrations of NPs are shown in Figure 5. At these condi-
tions, we observed a significant decrease of the nonlinear
optical characteristics compared with the case of using
200 ps probe pulses. The calculated data of β and γ are
presented on the graphs.

Under the same incident intensity (2 × 1011 Wcm-2), the
increase of the concentration led to a considerable growth of
the nonlinear absorption coefficient and nonlinear refractive
index, similar to the experiments using picosecond pulses.
The growth rate of the nonlinear refractive index was approx-
imately the sameas thatof the concentration (γ = 3 × 10‐16 and
1 × 10‐15 cm2W-1, Figures 5(a) and 5(b), respectively). In the
meantime, the nonlinear absorption coefficient was increased
from 1 5 × 10‐12 to 7 × 10‐12 cmW-1, i.e., almost 5 times, with
the threefold growth of the NP concentration (Figures 5(c)
and 5(d), respectively).

The experimental results and theoretical fittings of the
OA and CA Z-scans using shorter wavelength femtosecond
pulses (400 nm, 60 fs) are shown in Figure 6. Under these
conditions, the OA and CA Z-scan curves were completely
different from those observed in the case of 800nm picosec-
ond and femtosecond pulses, as well as 400nm picosecond
pulses. The OA Z-scans at the two different concentrations

of NPs showed the SA (Figures 6(a) and 6(b)). The threefold
growth of the concentration caused the twofold increase of
the negative nonlinear absorption coefficient (‐4 × 10‐11
and ‐8 × 10‐11 cmW-1, Figures 6(c) and 6(d), respectively).
The saturation intensities were calculated to be 2 × 1011
and 9 × 1010 Wcm-2 for the low and high concentrations
of Ag NPs.

The CA Z-scan curves showed the self-defocusing in our
samples (Figures 6(a) and 6(b)). Similarly, the growth of the
NP concentration led to the increase of the nonlinear
refractive index (‐8 × 10‐16 and ‐4 × 10‐15 cm2W-1). The anal-
ysis of experimental results using femtosecond pulses at the
same concentration shows that, at off-resonant conditions
(λ = 800 nm), the nonlinear absorption was attributed to
2PA, while in the resonant case (λ = 400 nm), it was caused
by SA. The nonlinear refraction correspondingly transforms
from the self-focusing in the case of the abovementionedmea-
surements (Figures 3–5) to the self-defocusing in the case of
400 nm, 60 fs probe pulses. This peculiarity was maintained
at both low and high concentrations of NPs.

We also used the low pulse repetition rate (50Hz) of fem-
tosecond pulses to carry out Z-scans in the aqueous solutions
of Ag NPs at the two concentrations. The studies showed
that, at λ = 800 nm, no difference between the Z-scans at
the low and high pulse repetition rates was observed.
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Figure 4: Experimental results and theoretical fittings of CA and OA Z-scans of the Ag NP solutions of different concentrations using
400 nm, 200 ps laser pulses.
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Similarly, at the 400nm wavelength of femtosecond pulses,
the CA Z-scans of lower and higher concentrations of Ag
NPs showed self-defocusing in the case of 50 and 1000Hz
pulse repetition rates. These studies at different pulse repeti-
tion rates confirmed the absence of a thermal lens and its
influence on the appearance of negative nonlinear refrac-
tion. As deduced from the spectral measurements, the
absorption at 400nm was not high to induce the thermal
effects at the used cell thickness (2mm). At these conditions,
the accumulation of heat even at a 1 kHz repetition rate did
not cause the appearance of the negative lens. That is why
the calculated nonlinear refractive indices in the two cases
of Z-scans (i.e., at 1 kHz and 50Hz) did not show a measur-
able difference.

In general, under the condition of a 1 kHz pulse repeti-
tion rate at the 800nm laser wavelength, the application of
picosecond radiation led to 2PA at different concentrations.
In the meantime, there is a lot of studies showing that at a
shorter wavelength, the incident intensity affects the nonlin-
ear absorption coefficient (for example, [31]). The growth of
incident intensity in the Ag NP solution causes transforma-
tion from SA to RSA [11, 26, 32]. There is an intensity thresh-
old between SA and RSA. At some conditions, the nonlinear
absorption coefficient also increases with the growth of laser
intensity [26, 32].

In our case, there was a large difference in the case of the
nonlinear optical parameters of NP solutions measured by
picosecond and femtosecond pulses. At off-resonant condi-
tions (λ = 800 nm, 60 fs), β and γ were positive, while at res-
onant conditions (λ = 400 nm, 60 fs), they were negative. At
the same concentration, the nonlinear absorption coefficient
in the case of 800nm picosecond probe pulses was four
orders of magnitude larger than that measured using femto-
second pulses. At resonance conditions (λ = 400 nm), this
ratio was also equal to four orders of magnitude. For the non-
linear refractive indices, the results obtained using picosec-
ond pulses were approximately three orders of magnitude
larger than those measured using femtosecond probe pulses.

In addition, the third harmonic of the Nd:YAG nanosec-
ond laser was used in this study. The OA Z-scan experiments
using 355nm, 5 ns, 10Hz repetition rate pulses were carried
out on the aqueous solution containing a high concentration
of Ag NPs under different incident intensities. The sample at
these conditions showed SA, and the growth of incident
intensity led to the enhancement of positive nonlinear
absorption leading to the prevailing dominance of RSA.

The large difference in the nonlinearities of NPs can be
caused by the involvement of various nonlinear optical pro-
cesses. In particular, the role of saturable and reverse satura-
ble absorption can be largely enhanced at the conditions
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Figure 5: Experimental results and theoretical fittings of CA and OA Z-scans of the Ag NP solutions of different concentrations using
800 nm, 60 fs pulses.
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when the relaxation time constants of excited states partici-
pating in those processes become larger compared with short
laser pulses. At those conditions, longer (picosecond) probe
pulses can cause larger nonlinear optical response compared
with femtosecond pulses. To determine the relaxation time
constants, we carried out the pump-probe transient absorp-
tion studies on our samples.

3.4. Pump-Probe Measurements of Transient Absorption.
TA measurements for chemically synthesized Ag NPs
(C = 4 7 × 10‐9 mol/L) were performed using noncollinear
degenerate pump-probe spectroscopy using 400nm, 60 fs
pulses. Figure 7 represents the TA profile of Ag NPs in deion-
ized water measured using the femtosecond pump pulse flu-
ence of 25μJ/cm2. Prior to the TA study of Ag NP, the TA
profile for water was also measured, which showed no change
in the transmittance of the probe pulse at the maximum
fluence used in this experiment (100μJ/cm2). TA profile
was compared with the single exponential fit to determine
the relaxation time constant, which was measured to be τ1
= 3 9 ps at the pump pulse fluence of 25μJ/cm2. This param-
eter is significantly larger compared with the pulse duration
using femtosecond pulses. In the case of Ag NPs, excitation
generally happens through plasmon excitation where the
electron-electron-scattering time scale is of the order of a
few femtoseconds, whereas the electron-phonon interaction

lasts much longer with the time scale of a few picoseconds
[33]. The femtosecond dynamics associated with the
electron-electron scattering in Ag NPs was not observed in
the TA profile, which can be explained by faster electron-
electron-scattering dynamics compared to the employed
laser pulse width [33, 34]. The electron-phonon interaction
in Ag NPs generally occurs in the 100 fs to ps time scale;
hence, the time constant of 3.9 ps can directly be attributed
to the electron-phonon interaction at 400nm.

TA profiles for Ag NPs at higher pump pulse fluences
demonstrated the variation of transient bleaching at
400 nm. Figure 8 shows the influence of pump pulse fluence
on the TA profile of Ag NPs. It was observed that the trans-
mittance of the probe pulses increased beyond 10 ps with
the increase of pump pulse fluence. We found from
Figure 8 that the threshold for the transient bleaching of
the synthesized Ag NPs was at about 46μJ/cm2, which is
lower than the data reported in Ref. [34]. This change in
transmittance occurs due to a significantly higher electron
temperature. This leads to the energy transfer to the sur-
rounding solvent through phonon-phonon coupling [35,
36]. Another possible reason for the increase of the trans-
mittance beyond 10 ps can be the heat flow from Ag NPs
to the surrounding water, which results in the decrease of
the optical dielectric constant with the growth of the tem-
perature of water beyond 100°C [37]. Thus, the change in

I = 3 × 1010 W/cm2

�훾 = −4 × 10−15 cm2/W

I = 7 × 1010 W/cm2

�훾 = −8 × 10−16 cm2/W

C = 4.7 × 10−9 mol/LC = 1.5 × 10−9 mol/L

I = 5 × 1010 W/cm2

�훽 = −8 × 10−11 cm/W
I = 7 × 1010 W/cm2

�훽 = −4 × 10−11 cm/W

C = 4.7 × 10−9 mol/LC = 1.5 × 10−9 mol/L

−30 −20 −10 0 10 20 30−30 −20 −10 0 10 20 30
(a) (b)

Z (mm)
−30 −20 −10 0 10 20 30−30 −20 −10 0 10 20 30

(c) (d)

N
or

m
al

iz
ed

 tr
an

sm
itt

an
ce

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25 CA Z-scan

0.9

1.0

1.1

1.2

1.3 OA Z-scan

0.4

0.6

0.8

1.0

1.2

1.4

1.6
CA Z-scan

0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20 CA Z-scan

Figure 6: Experimental results and theoretical fittings of CA and OA Z-scans of the Ag NP solutions of different concentrations using
400 nm, 60 fs pulses.
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the transmittance beyond 10 ps also supports the strong
coupling between phonon modes of the nanoparticle and
the surrounding water.

3.5. Optical Limiting in Ag NP Solutions. Optical limiting is
generally analyzed using nanosecond pulses. Meanwhile,
femtosecond pulses can effectively avoid heat accumulation

and other effects compared with nanosecond pulses. Below,
we present our studies of this process using femtosecond
pulses. Figure 9 demonstrates the optical limiting in the Ag
NP solutions at the two concentrations in the case of
800 nm, 60 fs radiation. As it is shown in the figure, the trans-
mitted energy increases linearly with the growth of the inci-
dent pulse energy in the low energy range and then reaches
the saturation.

When the incident energy of 800nm pulses increased
above 0.75μJ, the transmitted energy tends to approach a
steady value. The optical limiting threshold was defined
as the maximum transmitted energies EOL = ∼0 5 μJ and
EOL = ~0 6 μJ in the case of high and low concentrations
of NPs, respectively. One can see that this parameter
decreases with the growth of Ag NP concentration.

4. Discussion and Conclusions

All measured nonlinear optical parameters are collected in
Table 1, where we show the γ, β2PA, βRSA, βSA, Isat, τ1, and
EOL for the two concentrations of NPs and two wavelengths
(800 and 400nm).

The studies of the nonlinear optical properties of Ag NPs
at different experimental conditions have already been
reported. However, all of them were carried out using the
limiting range of variations of the temporal characteristics
of probe pulses.

Here, we presented a systematical study of these species
using pulse spanning from femtosecond to nanosecond time
scale. Based on these studies, we showed the advantages of
using picosecond pulses, which cause the largest nonlinear
optical response in Ag NPs.

The origin of nonlinearity in the case of NPs is the change
in the frequency of localized surface plasmon resonance
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Figure 7: Transient absorption profile with respect to delay time in
the case of 400 nm laser pulses. Scattered empty circles show the
experimental measurements, and the solid line represents the
single exponential fit to the experimental data.
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caused by the change in the electron temperature. These non-
linearities are realized in the forms of 2PA, SA, and RSA.

The results of pump-probe studies in metal nanoparticles
show that nonlinearities measured using pulses shorter than
the thermalization time for electrons (pulse width less than
300 fs) would be weak. The TA explains our observations of
the nonlinear properties of NPs. It causes SA, which may fur-
ther transform towards RSA.

In this paper, we have systematically analyzed the optical,
structural, and nonlinear optical properties of 13nm silver
nanoparticles using probe pulses of different durations. The
nonlinear optical properties of Ag NP aqueous solutions
prepared by chemical reduction method under the different
conditions were compared using the single-beam Z-scan
technique. The experimental results show that nonlinear
absorption coefficient and nonlinear refractive index are
strongly dependent on the NP concentration in the solutions
and the duration of probe pulses. In the case of picosecond
probe pulses, the nonlinear absorption coefficient of Ag
NPs at off-resonant conditions (λ = 800 nm) was four orders
of magnitude larger than that in the case of femtosecond
probe pulses. In the resonance case (λ = 400 nm), this ratio
was also equal to four orders of magnitude.

For the nonlinear refractive indices, this value was
approximately three orders of magnitude higher once com-
pared to the studies using picosecond and femtosecond probe
pulses. OA Z-scans were also carried out close to the reso-
nance band of Ag NPs at the high concentration of the Ag
NP aqueous solution under the conditions of application of
the nanosecond pulses (λ = 355 nm). At different incident
energies, the OA Z-scans showed the SA overpassed by RSA
with the growth of laser pulse energy. The high and low pulse
repetition rates were used for Z-scans to show that the repeti-
tion rate has no significant effect on the nonlinear optical
characteristics of our samples at used experimental condi-
tions. In addition, the recovery time of these nonlinear pro-
cesses was measured by a degenerate pump-probe transient
absorption technique using 400nm radiation (τ1 = 3 9 ps).
The effect of bleaching was observed with the increase of
pump pulse fluence above 46μJ/cm2, which occurs beyond
the 10ps time scale. Finally, we have demonstrated the optical
limiting of Ag NPs using 800nm, 60 fs pulses, which showed
the twofold decrease of propagated pulses at E = 2 25 μJ of

incident radiation and stabilization of the optical limiting at
the E = 0 5-0.6μJ of output pulses.

Recently, the nonlinear optical studies of the Ag NPs pre-
pared by another method, i.e., during ablation of bulk silver
in water using different wavelengths and durations of heating
pulses, were reported [38]. The joint appearance of nonlinear
optical refraction and absorption was analyzed using the
1064 nm, 5 ns and 800nm, 60 fs probe pulses. The highest
nonlinear absorption coefficient of ablation-induced Ag
NPs was 3 0 × 10−5 cmW−1 at the wavelength of 1064 nm
in the case of 5 ns probe pulses. This value was calculated tak-
ing into account the 10-3 volume part of the nanoparticles
synthesized during laser ablation of silver in water and
assuming the local field factor of 10-2 taking into account
the quantum confinement effect of nanoparticles in the sus-
pension. Notice that in our case, we present the nonlinear
absorption coefficient of the suspension (not a single NP),
which was just two orders of magnitude smaller
(3 × 10−7 cmW−1) than the one of Ag NPs reported in Ref.
[38]. It means that once we assume the similar volume part
of chemically prepared NPs in our suspension (10-3), the
NP nonlinear absorption coefficient will surpass the one in
the case of ablation-produced silver nanoparticles.
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