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Abstract
We demonstrate the correlation between strong nonlinear optical response of silver nanoparticles (Ag NPs) out of plasmon 
resonance and efficient third harmonic generation in the plasmas containing Ag NPs. The dynamics of nonlinear optical 
response of the 8 nm and 50 nm Ag NPs prepared by laser ablation of bulk silver in deionized water using 6 ns, 200 ps, and 
60 fs laser pulses is systematically analyzed. Their optical limiting properties are studied at the wavelengths of 800 and 
355 nm, using femtosecond and nanosecond laser pulses. Nonlinear absorption coefficient of 8 nm Ag NPs at the wavelength 
of 1064 nm was measured to be as high as 3 × 10−5 cm W−1. Nonlinear refraction shows the change of sign with variation 
of the wavelength and duration of probe laser pulses. The theoretical calculation of silver ablation shows the formation of a 
few nanometer sized particles. We also analyze third harmonic generation in the laser-produced plasmas containing Ag NPs 
and attribute the enhancement of this process to the influence of small silver clusters. The conversion efficiency of 800 nm 
towards the third harmonic was measured to be 4 × 10−3, which was a few times larger compared with similar process in air.

1 Introduction

The synthesis of nanostructured materials took much atten-
tion due to their advanced optical and nonlinear optical prop-
erties, which can be used in various area of communications, 
optics, laser physics and medicine [1, 2]. During last two 
decades, special attention was given to the nonlinear optical 
properties of the nanoparticles (NPs) of variable morphol-
ogy [3, 4]. The attractive application of these nanostruc-
tured materials in optics is the protection of sensitive area 
of detection system through optical limiting (OL) of high-
power laser radiation. One can anticipate that variations of 
the sizes of NPs can significantly enhance OL. In [5], the 
metal nanoparticle-embedded polymer film and their optical 

limiting capability were demonstrated. OL behavior of silver 
nanoparticles with different sizes and shapes is investigated 
and compared to the optical limiting performance of conven-
tional carbon black suspension [6]. It found that the optical 
limiting effect is strongly particle size dependent and the 
best performance is achieved with the smaller particles.

Silver nanoparticles took special attention among numer-
ous small-sized species due to their use in imaging, biosen-
sors, photovoltaic devices, solar cells, light emitting devices, 
catalysis, etc. Silver nanoparticles (Ag NPs) have unique 
optical, electrical, and thermal properties and are already 
found applications being incorporated into products that 
range from photovoltaics to biological and chemical sensors. 
Examples include conductive inks, pastes and fillers which 
utilize Ag NPs for their high electrical conductivity, stabil-
ity, and low sintering temperatures. Additional applications 
include molecular diagnostics and photonic devices, which 
take advantage of the novel optical properties of these nano-
materials. Ag NPs are extraordinarily efficient at absorbing 
and scattering light and, unlike many dyes and pigments, 
have a color that depends upon the size and the shape of 
the particle. The strong interaction of the Ag NPs with light 
occurs because the conduction electrons on the metal sur-
face undergo a collective oscillation when excited by light 
at specific wavelengths. The advantages of Ag NPs include 
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monodisperse distribution in surrounding environment with-
out agglomeration and aggregation, comprehensive charac-
terization including TEM and UV–Vis, good stability and 
long life time. A unique property of spherical Ag NPs is 
that its surface plasmon resonance (SPR) can be tuned from 
400 to 530 nm by changing the particle size and the local 
refractive index near the particle surface. Even larger shifts 
of resonance peak towards the IR region can be achieved 
by producing silver nanoparticles with rod or plate shapes.

Different physical and chemical techniques are used for 
the preparation of metallic NPs with variable morphology 
and sizes. Among them, laser ablation of bulk material 
has been proven to be a simple method for the synthesis 
of spherical Ag NPs in various liquids [7]. In many cases, 
the distilled water is used during laser ablation of silver. 
Laser ablation of silver was also performed in NaCl aque-
ous solution [8]. It was shown that the efficiency of Ag 
NPs formation depends on the concentration of NaCl in 
aqueous solution. Increase NaCl concentration up to some 
threshold values led to decrease of the probability of NPs 
aggregation. Preparation of NPs in various solutions has 
many applications. For example, Ag NPs prepared during 
ablation in water are useful for surface-enhanced Raman 
scattering spectroscopy [9, 10]. Preparation of colloidal Ag 
NPs in aqueous gelatin solution using nanosecond pulses 
of Nd:YAG laser at the wavelength of 532 nm was reported 
in Ref. [11]. They have shown the influence of the pulse 
repetition rate on the morphology and optical properties of 
samples. Synthesis of Ag NPs in ethanol by laser ablation 
using photoacoustic pulsed technique was reported in Ref. 
[12]. The application of photoacoustic technique allowed 
controlling the production rate per laser pulse, and the con-
centration of synthesized Ag NPs.

Modification of Ag NPs size distribution by laser irradia-
tion of their water suspensions was reported in Ref. [13]. The 
change of the nanoparticles’ characteristics caused by vari-
able laser fluence and duration of irradiation was observed. 
A considerable narrowing (by a factor of three) of the SPR 
bandwidth was achieved, which is the evidence of narrowing 
of the particles size distribution. Time-dependent prepara-
tion of gelatin-stabilized Ag NPs was demonstrated in Ref. 
[14]. The mean diameter of Ag NPs decreased with increas-
ing the ablation time of silver target. Ag NPs with sizes of 
8 nm have been synthesized in ethanol [15]. The SPR of 
these NPs have shown maximum absorption at 422 nm.

The third-order optical nonlinearity, which is responsi-
ble for nonlinear refraction and nonlinear absorption of Ag 
NPs in aqueous solutions, is analyzed in Ref. [16]. They 
have shown the dependence of the nonlinear response 
on the nanoparticles’ filling factor. The conventional 
Z-scan technique was employed, using 80 fs laser pulses 
at 800 nm, at the regimes of high and low pulse repeti-
tion rate. The thermo-optic nonlinear response of silver 

colloids containing Ag NPs of different sizes was reported 
in Ref. [17]. The colloidal nanoparticles were synthesized 
by laser ablation of bulk Ag in acetone using nanosecond 
pulses. The self-defocusing was the dominating process at 
the lowest power of laser radiation. Increase of concentra-
tion of nanoparticles in acetone led to increase of nonlin-
ear refraction index, while the threshold power of OL was 
decreased. The thermal-induced self-defocusing and Kerr 
induced self-focusing in the Ag NP suspension prepared 
by laser ablation were investigated using femtosecond and 
nanosecond laser pulses at the wavelengths of 397.5, 532, 
and 795 nm [18]. The thermal-induced self-defocusing 
dominated at high pulse repetition rate as well as in the 
case of nanosecond probe pulses. In the case of low pulse 
repetition rate, the self-focusing and saturable absorption 
(SA) of picosecond and femtosecond pulses were observed 
in these colloidal solutions. The SA and reverse satura-
ble absorption (RSA) influence the transient absorption 
spectroscopy of Ag NPs. These processes play important 
role while analyzing the properties of synthesized NPs in 
different spectral ranges [19].

Another nonlinear process which actively pursued using 
different NPs is the frequency conversion of strong laser 
field in the plasmas containing such species. The low-order 
nonlinearities of NPs, which are responsible for third har-
monic generation in laser-produced plasmas (LPP), were 
studied in Ref. [20]. The LLPs are also considered as the 
attractive nonlinear media for conversion of the frequency 
of ultrashort infrared laser pulses towards the ultraviolet and 
extreme ultraviolet ranges [21, 22]. The advantages of using 
in situ produced Ag NPs for high-order harmonic generation 
(HHG) due to large nonlinear optical response of Ag NPs 
in the field of femtosecond probe pulses were analyzed in 
Ref. [23]. The spectral characteristics of harmonics from 
nanoparticles produced in  situ were compared with the 
HHG from monoparticle plasma and with the HHG from 
preformed nanoparticle-containing plasma.

Meanwhile, to best of our knowledge, no systematic stud-
ies which combine the analysis of nonlinear absorption/
refraction and lowest order harmonic generation in the same 
nanoparticle medium were reported so far. Each of above-
mentioned studies were focused on the particular properties 
of Ag NPs related with different components of their third-
order nonlinear susceptibilities. Particularly, nobody ana-
lyzed in depth the correlation between different components 
of those susceptibilities. Here, we combine those groups of 
studies to demonstrate the fact that exceptionally strong 
nonlinearities (particularly, nonlinear absorption) out of the 
SPRs of nanoparticles strongly correlate with highly efficient 
third harmonic generation in Ag NPs. These studies show 
the way to explain the earlier reported exceptionally strong 
HHG conversion efficiency in Ag NP plasma by the specific 
properties of those particles related with involvement of 
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their plasmonic properties in the enhancement of nonlinear 
optical response in the extreme ultraviolet range.

In this paper, we present the results of systematic studies 
of the ablation-produced Ag NPs prepared by 5 ns, 200 ps, 
and 60 fs pulses at the wavelengths of 1064 and 800 nm. We 
demonstrate the OL in Ag NP suspension induced by two-
photon absorption (2PA) and RSA at the wavelengths of 800 
and 355 nm, respectively. We present the results of nonlinear 
refraction and nonlinear absorption studies using different 
wavelengths and pulse durations of laser radiation. Third 
harmonic generation (THG) in the plasmas containing Ag 
NPs is analyzed. We present the calculations of laser abla-
tion of bulk Ag in liquid demonstrating NPs formation. We 
also discuss the advantages in application of small (8 nm) 
Ag NPs for low- and high-order harmonic generation of 
ultrashort laser pulses. Overall, we demonstrate the corre-
lation between strong nonlinear optical response of silver 
nanoparticles out of their SPR and efficient THG in the plas-
mas containing Ag NPs.

2  Experimental arrangements for ablation 
and synthesis of Ag NPs in water 
and characterization of their nonlinear 
optical parameters

The Ag NPs were synthesized by ablation of bulk silver in 
water using nanosecond laser (Q-Smart 850, Coherent). 
Laser radiation (wavelength 1064 nm, pulse duration 5 ns, 
pulse repetition rate 10 Hz, pulse energy 40 mJ) was focused 
by 100 mm focal length lens on the surface of silver tar-
get immersed in deionized water (Fig. 1a). The target sizes 

were 5 × 5 × 2 mm3. The purity of our bulk silver target was 
99.9%. The silver target was moved by two-coordinate trans-
lating stage during laser ablation. The ablation was carried 
out during 30 min. The color of suspension was changed 
during laser ablation until became yellow shade. We also 
ablated the silver target using 200 ps, 800 nm and 60 fs, 
800 nm laser pulses. We did not observe any oxidation dur-
ing and after laser ablation of pure silver target in deionized 
water. We also did not see any change of the color of our 
suspensions, which can indicate the change of SPR based 
on the change of the sizes of silver nanoparticles.

The nonlinear optical parameters of Ag NP suspension 
were investigated using Z-scan technique. We used different 
conditions for comparative analysis of the nonlinear optical 
parameters of suspensions. The nonlinear optical studies 
of Ag NP suspensions were carried out using nanosecond 
and femtosecond laser pulses at four different wavelengths 
(1064, 800, 400 and 355 nm). The closed-aperture (CA) and 
the open-aperture (OA) Z-scan schemes were used for non-
linear optical characterization of our samples. The radiation 
of Nd:YAG laser (λ = 1064 nm, τ = 5 ns) or its third har-
monic (λ = 355 nm) was focused by a 200 mm focal length 
lens (Fig. 1b). The beam waist diameters were 81 and 39 µm 
(at 1/e2 level of the spatial distribution at the focal plane) 
in the case of fundamental and third harmonic radiation, 
respectively. The energy of laser radiation was varied using 
neutral filters. The propagated pulses were detected by large 
aperture photodiode (DET100A/M, Thorlabs).

The 2-mm-thick fused silica cell containing Ag NP sus-
pension was moved along the z-axis through the focal point 
using a translating stage. Attention was given to prevent 
the optical breakdown of studied medium. The intensities 

Fig. 1  a Experimental setup for laser ablation in liquid. HB heating 
beam, FL focusing lens. b Experimental setup for Z-scan studies. L 
Q-smart 850 nanosecond laser or Ti:sapphire femtosecond laser, NF 
neutral filters, FL focusing lens, S sample, TS translating stage, PD 
photodiode. c Experimental setup for pump–probe studies. BS beam 

splitter, M mirrors, S sample, FL focusing lenses, PD photodiode, 
DL delay line, PBA pump beam absorber. d Experimental scheme for 
third harmonic generation in laser plasma. FL focusing lenses, M mir-
ror, VC vacuum chamber, TS translating stage, T target, P plasma, CF 
color filters, FS fiber spectrometer (USB2000)
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of the optical breakdown of our suspensions in the case 
of nanosecond laser pulses were measured to be 6.4 × 109 
and 1 × 109 W cm−2 at the wavelengths of fundamental and 
third harmonic radiation, respectively, while the maximal 
used intensities of probe radiation in the experiments did 
not exceed 1.6 × 109 (λ = 1064 nm) and 6 × 108 W cm−2 
(λ = 355 nm). The Ti:sapphire laser (Spitfire Ace, Spectra 
Physics) provided 60 fs, 800 nm or 210 ps, 800 nm pulses at 
1 kHz pulse repetition rate. The intensities of used femtosec-
ond pulses (τ = 60 fs) did not exceed 2 × 1010 (λ = 800 nm) 
and 1.6 × 1010 W cm−2 (λ = 400 nm). The Z-scan scheme was 
calibrated using the known values of the nonlinear optical 
parameters of 1-mm-thick fused silica slides. The OL study 
was carried out by varying the energy of the pulses propa-
gating through the quartz cell containing Ag NP suspen-
sion, which was installed in the focal plane. We did not add 
any surfactant to restrict the morphology variations of Ag 
NPs in water. The stability of morphology was controlled 
by analyzing the position of SPR during three months. We 
did not observe the notable change of SPR wavelength in the 
absorption spectra of our samples. Additionally, TEM and 
SEM studies confirmed the conclusion about good stability 
of synthesized NPs.

A noncollinear degenerate pump–probe technique was 
applied to study the transient absorption (TA) in Ag NPs. 
Laser radiation (λ = 400 nm, τ = 60 fs) was split in two parts 
using beamsplitter. One part was used as a pump radiation 
and another part was used as a probe radiation, which was 
passed through the delay line to control the time separation 
between pump and probe pulses during their propagation 
through Ag NP suspension (Fig. 1c). Relative intensities and 
beam diameters of pump and probe pulses were adjusted to 
be approximately ~ 15:1 and 1:2. This study was performed 
at the wavelength of 400 nm obtained by doubling the fre-
quency of fundamental radiation (800 nm) using barium 
borate (BBO) crystal. Pump pulse energy of 0.22 µJ was 
used for TA study.

In the case of THG studies the laser radiation (λ = 800 nm, 
τ = 60 fs) was focused by a 400 mm focal length lens on the 

LPP (Fig. 1d). The beam waist radius of the focused radia-
tion was 38 µm. The spectral characteristics of third har-
monic radiation (λ = 266 nm) were analyzed by a spectrom-
eter (USB2000, Ocean Optics). To create plasma plume, a 
pulse was split from the Ti:sapphire laser by a beamsplitter 
before the compression of fundamental uncompressed pulse. 
The heating pulse duration was 210 ps. This radiation was 
focused on the target to heat it and produce LPP in the air 
conditions (Fig. 1d). The area of ablation was adjusted to be 
approximately 0.25 mm. A delay between fundamental and 
heating pulses was adjusted to be 38 ns. We also used differ-
ent pressures of air by pumping vacuum chamber.

3  Results and discussion

3.1  Characterization of silver ablated in water 
and calculations of NPs formation using 
short laser pulses

TEM and SEM images and histograms of the Ag NPs pre-
pared by ablation of bulk silver using pulses of different 
duration are presented in Fig. 2a–c. The linear absorption 
spectra of Ag NP suspensions (Fig. 2d) were measured using 
a spectrophotometer (Agilent Technologies). The SPRs of 
Ag NPs in two cases of ablation were observed at 402 nm. 
In the case of picosecond ablation the linear absorption coef-
ficient of Ag NPs at λ > 450 nm was larger compared to the 
case of nanosecond ablation. The sizes of NPs were meas-
ured to be 8 and 50 nm, by using the 5 ns and 210 ps pulses 
for laser ablation.

Below we present theoretical calculations of bulk silver 
ablation in water environment. Analysis of nanoparticle 
formation during laser ablation of metals is an excellent 
tool to estimate the precision of theoretical approaches for 
laser-matter interaction. However, for the best precision of 
computational approaches several factors have to be consid-
ered when determining the conditions of simulation. Char-
acteristic feature of every bulk metal is the abundance of 

Fig. 2  a TEM image and histogram of size distribution of Ag NPs 
in the case of ablation in water using 1064 nm, 5 ns pulses, b SEM 
image and size distribution of Ag NPs ablated in water using 800 nm, 
200  ps pulses, c TEM image of Ag NPs in the case of ablation in 

water using 800  nm, 60  fs pulses. d Absorption spectra of Ag NPs 
suspensions in case of ablation using (1) 1064 nm, 5 ns, (2) 800 nm, 
200 ps and (3) 800 nm, 60 fs pulses



Strong third-order optical nonlinearities of Ag nanoparticles synthesized by laser ablation…

1 3

Page 5 of 15 766

delocalized electrons. In metals the excess of free electrons 
leads to high plasma oscillation frequencies and extremely 
high reflection for IR and visible light. On the other hand, 
high concentration of free electrons means that the heat con-
ductivity of metals is very high.

Optical penetration depth la is extremely small in met-
als due to negative refraction index, so in metals the total 
penetration depth

is actually the thermal penetration depth lth , which is mostly 
determined by pulse duration:

Here, Ke is heat conductivity due to electrons and �p is 
the pulse duration. Laser ablation of metals can be distin-
guished by pulse duration of the scale of femtoseconds, pico-
seconds and nanoseconds. As long as laser pulse duration 
exceeds electron–phonon relaxation time, the width of the 
heat-affected zone in metals can be estimated from Eq. (2). 
Shorter pulses reduce this zone and make the ablation pro-
cess more uniform.

The process of laser ablation is split in two qualitatively 
different modes by intensity: below and above the plasma 
ignition threshold. A good estimate of the ablation regime 
is the Keldysh parameter:

Here, Ip is the ionization energy, �0 is the frequency of 
radiation and E0 is the electric field strength. When 𝛾 ≪ 1 , 
the tunnel ionization is significant and the process is above 
the plasma ignition threshold. When 𝛾 ≫ 1 , the ablation is 
performed below the plasma ignition regime and the laser 
ablation can be separated from most the nonlinear optical 
processes. In our experiments the regime of ablation was 
below plasma ignition threshold. In this case, the analy-
sis can be simplified by splitting the process in two parts: 
absorption of laser energy by free electrons and its further 
redistribution to atoms by electron–phonon coupling and to 
other electrons by electronic heat conductivity. The most 
general theoretical description of heat transfer during laser 
ablation can be performed within the so-called two-temper-
ature model [24], which can be presented as:

Here, subscript e denotes electrons, i denotes ions, K is 
heat conductivity, and k is the electron–phonon coupling 

(1)l = la + lth

(2)lth = 2
√

Ke�p.

(3)� =

√
2�2

0
Ip∕E

2
0
.

(4)Ci(Ti)
�Ti
�t

= ∇[Ki∇Ti] − k(Te − Ti)

(5)C�
e
(Te)

�Te
�t

= ∇[K�
e
∇Te] − k(Te − Ti) + S(x, y, z, t).

constant. For our simulations of NPs formation we used 
molecular dynamical approach for the movement of atoms:

Here, mi is the mass of ion (non-ionized atoms can be also 
considered here without loss of generality in case of met-
als), r⃗i is the position of ion, U({r⃗n})i is the pair interaction 
potential between the considered ion and the nth ion, and Ci 
is the heat capacity per one ion. The system of Eqs. (5) and 
(6) is approximately ten times more resource-demanding for 
numerical solution than solving Eqs. (5) and (6) separately 
or even solving the system (4) and (5). So it can be advanta-
geous to solve the relations (4) and (5) first to get the heat 
flux transfer to ions and to solve single Eq. (6) for atoms with 
the corresponding velocity rescaling afterwards.

When the electron temperature (in units of energy) 
remains smaller than Fermi energy, the electron heat capac-
ity and non-equilibrium electron thermal conductivity are 
given by [25]

Here, K0(t) is the conventional equilibrium thermal con-
ductivity of metal and C′

e
 is a constant. Diffusion Eqs. (4) 

and (6) have three characteristic time scales: �e = Ce∕k , 
�i = Ci∕k and �p which is the laser pulse duration. These 
three parameters define three distinctly different regimes 
of laser-metal interaction which are called femtosecond 
(𝜏p ≪ 𝜏e), picosecond (𝜏i ≫ 𝜏p ≫ 𝜏e) and nanosecond 
(𝜏i ≪ 𝜏p) regimes with regard to laser pulse duration. For 
investigation of dynamics of laser ablation at a picosecond 
time scale we used three-dimensional ITAP IMD molecular 
dynamics software [26] for simulation of laser ablation using 
60 fs heating pulses in two-temperature mode (5–8). The 
calculation of molecular dynamics was continued for 80 ps 
after the application of the heating pulse because the transfer 
of the energy to atoms from electrons is not instantaneous. 
The laser was considered as a nearly-Gaussian pulse in time 
domain as:

Here F(x, y) is the Gaussian distribution in xy-plane, R 
is the reflectivity, I(t) is intensity and � is the optical prop-
agation constant for given frequency. We used the 95% 
reflectivity of silver when considering ablation by 800 nm 
radiation. The absorption coefficient for silver is given as 
α = 9 × 107 m−1. For a Gaussian beam the lateral dimension 
of laser ablation is demonstrated to depend on the diameter 
df of laser beam on target surface and the threshold laser flu-
ence for ablation F0 at a given laser fluence F(x, y):

(6)mi

d2r⃗i

dt2
= −

∑

n

∇U
({

r⃗n
})

i
+

k

Ci

(Te − Ti)

Ti
mi

dr⃗i

dt
.

(7)C�
e
= Ce(Te)Te

(8)Ke = K0(t)Te∕T .

(9)S(x, y, z, t) = (1 − R)F(x, y)�I(t)e−�z.
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Hence, the ablation occurs primarily in the center of beam 
spot, while the edges of beam just heat up the target with 
the possible melting and evaporation on longer timescale. 
We consider the ablation in the center of spot with 100 µm 
radius irradiated by 0.5 mJ pulse with duration 60 fs. The 
dynamics of ablation is shown in Fig. 3 for the time inter-
vals (a) 0, (b) 20, (c) 40, and (d) 80 ps from the beginning 
of ablation. It was observed that layers of thickness from 
10 to 18 nm started to split from the sample after 40 ps of 
simulated time (Fig. 3c).

These results show reasonable coincidence with the 
experimental data on the sizes of nanoparticles. The cal-
culation demonstrated that due to poor heat conductivity of 
deionized water the main role of surrounding medium dur-
ing ablation is collecting of ablated nanoparticles. Thus this 
model could also be applied for analysis of plasma formation 
in vacuum when Ag NPs appear in the plasma plume during 
laser ablation.

3.2  Optical limiting in Ag NP suspension

Optical limiting is the important aspect for the application of 
nanostructured materials in nonlinear optics and laser phys-
ics particularly to protect sensitive systems and eyes from 
high-power laser radiation [27]. Earlier the optical limiting 
using Ag NPs was reported in Ref. [28]. It was shown that 
OL in these NPs in the field of nanosecond laser pulses at 
λ = 532 nm is much stronger than in other materials such as 
 C60 and chloroaluminum phthalocyanine. Below we dem-
onstrate the OL using 800 nm, 60 fs, and 355 nm, 5 ns laser 

(10)dabl = df

√
1

2
ln

(
F(x, y)

F0

)
.

pulses, which propagated through the suspension of Ag NPs 
in deionized water. The suspension was obtained during 
ablation of bulk silver using nanosecond laser pulses. This 
suspension was placed at the focal plane of 400 mm focal 
length lens.

The linear dependence between input and output 800 nm, 
60 fs pulses was maintained up to the input pulse energy of 
~ 0.6 µJ (Fig. 4a, filled triangles). Further growth of input 
pulse energy led to OL of propagated laser radiation due 
to 2PA. This process was maintained up to the energy of 
800 nm pulses of ~ 2.0 µJ, which allowed stabilization of 
output energy at the level of 0.5 µJ along the 0.6–2.2 µJ 
energy range of input pulses. The OL in pure water was 
also studied in this energy range of propagated laser pulses. 
The slope of linear fitting for pure deionized water at small 
input pulse energies was equal to 1.0, while the slope of 
linear fitting of Ag NPs was equal to 0.7. The latter slope 
was corresponded to the initial transmittance of the suspen-
sion containing Ag NPs in deionized water. In the case of 
water we also observed the inclination of Iout/Iin from the 
linear dependence due to white light generation (Fig. 4a, 
empty circles).

In the case of nanosecond laser pulses RSA led to the 
OL of 355 nm laser radiation. This process was analyzed 
in the range of energies between 150 and 600 µJ (Fig. 4b). 
One can see that Ag NP suspension demonstrated excellent 
OL properties in the case of nanosecond UV pulses. Our 
observations of the optical limiting in silver nanoparticles 
suspension were attributed to 2PA and RSA at the wave-
lengths of 800 nm and 355 nm probe pulses, respectively. 
During these experiments, the OL was analyzed by either 
increasing or decreasing the energy of laser pulses. In these 
two cases, we obtained the similarities with the same thresh-
old energy for OL.

Fig. 3  Temporal evolution of 
laser plasma produced on the 
surface of bulk silver in the 
water environment at a 0, b 
20, c 40, and d 80 ps from the 
beginning of irradiation by 60 fs 
pulses
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3.3  Nonlinear refraction and absorption in Ag NPs 
in the case of IR and UV laser pulses of different 
duration

The dependences of refractive indices and absorption coef-
ficients of materials on the laser intensity are presented 
as [29]

Here, n0 is the linear refractive index, I is the intensity 
of laser beam, γ and β are the nonlinear refractive index 
and nonlinear absorption coefficient of media, and α0 is 
the linear absorption coefficient. The determination of γ 
and β of materials can be accomplished using the analysis 
of Z-scan curves. The Z-scan curves in the cases of CA 
and OA schemes for the bulk silver ablated in deionized 
water using nanosecond and picosecond pulses are shown 
in Fig. 5. Circles and squares represent the experimen-
tal data and solid lines are the theoretical fits. In case of 
CA Z-scan scheme the normalized transmittance [T(z)] is 
related to the nonlinear refractive index by

Here, x = z/z0, z0 = 0.5  kwo
2 is the Rayleigh length, 

k = 2π/λ is the wave number, wo is the beam waist radius 
of the focused beam and ΔΦ0 is the phase change. The 
nonlinear refractive index is related to the phase change 
as γ = ΔΦ0/kLeffI0, where Leff = [1 − exp(− α0L)]/α0 is the 
effective length of nonlinear medium, I0 is the intensity of 
laser beam at the focal plane of focusing lens, and L is the 
sample thickness. The normalized transmittance curves 
were fitted with the CA experimental data. In the case of 
OA Z-scans, the photodetector measured the whole trans-
mittance of propagated radiation. Figure 5a–d show the 

(11)n = n0 + � × I and � = �0 + � × I.

(12)T(z) = 1 + 4ΔΦ0x∕(x
2 + 1)(x2 + 9).

2PA-induced OA Z-scans (empty circles). In that case the 
normalized transmittance of laser pulses can be described 
by

Here, q0(z) = I0βLeff/[1 + z2/(z0)2]. Equation (13) was fitted 
with the OA data presented in Fig. 5.

The nonlinear optical parameters were studied in the 
field of nanosecond and femtosecond laser pulses. The 
thermal induced self-defocusing was observed in the case 
of 1064 nm, 5 ns probe pulses (Fig. 5d, filled squares). The 
reverse process was observed in the case of 800 nm, 60 fs 
pulses at 1 kHz repetition rate (Fig. 5a–c, filled squares). 
This regime of interaction of femtosecond laser pulses 
with Ag NP suspension led to self-focusing, which is due 
to the electronic response of nanoparticles. The corre-
sponding nonlin5ear optical parameters of 8 nm sizes Ag 
NPs in the case of 1064 nm, 5 ns probe laser pulses were: 
β2PA = 3.0 × 10−10 cm W−1, and γ = − 1.2 × 10−14 cm2 W−1. 
At 800 nm, 60 fs probe pulses β2PA = 1.0 × 10−10 cm W−1, 
and γ = 2.0 × 10−15 cm2 W−1.

The Kerr-induced mechanism of self-defocusing for anal-
ysis of colloidal silver in the field of picosecond pulses has 
been considered in Ref. [30]. The thermal-induced effects 
can dominate over the fast Kerr-induced electronic contribu-
tion when the probe pulse duration becomes longer than the 
thermal conductivity relaxation time of small sized Ag NPs. 
Hence, the duration of laser pulses is a critical parameter for 
the evaluation of third-order nonlinear response, especially 
nonlinear refraction.

The dependences of OA and CA normalized trans-
mittances of Ag NP suspensions at the wavelength of 
400 nm femtosecond laser pulses are shown in Fig. 6. The 
2PA, SA, and RSA parameters of used suspension at this 

(13)T(z) ≈ 1 − q0∕2
√
2.

(a) (b)

Fig. 4  Optical limiting in the aqueous suspension of Ag NPs (filled 
triangles) and pure water (empty circles) using a 60 fs, 800 nm, and b 
5 ns, 355 nm probe pulses. Dotted lines show the linear dependences 

between output and input pulse energies at the lower energy ranges of 
input pulses



 G. S. Boltaev et al.

1 3

766 Page 8 of 15

wavelength were calculated by fitting the experimental 
data with the Eq. (13) and the relation describing SA:

where Isat is the saturated intensity of the medium.
Figure 6a demonstrates three processes: SA, RSA and 

self-focusing in silver nanoparticles suspension at 400 nm, 
60 fs probe pulses. Our studies showed the dominance 
of the self-focusing process at higher energies of probe 
pulses. We fitted these data using the equation for three 
processes: SA, RSA and self-focusing.

The results of similar OA studies of Ag NP suspen-
sion ablated by nanosecond radiation using 355 nm, 5 ns 
probe pulses are shown in Fig. 7a. The corresponding 
nonlinear absorption coefficients of the studied samples 
at λ = 355 nm were as: βSA = − 3 × 10−11  cm W−1, and 
βRSA = 2 × 10−10 cm W−1.

Figure 7b shows self-defocusing and 2PA of 355 nm 
laser radiation in Ag NP suspension ablated by picosecond 

(14)TSA (z) = 1 +
Io

Isat(x
2 + 1)

,

laser pulses. The nonlinear optical parameters of the Ag 
NP suspensions measured at different experimental condi-
tions are collected in Table 1. Notice that the concentration 
of Ag NPs in the case of femtosecond ablation was notably 
smaller than concentration of the NPs produced during 
ablation using picosecond and nanosecond pulses due to 
less efficient ablation in the former case. Because of this, 
the nonlinear optical response of these species under the 
action of nanosecond probe pulses was at the threshold of 
registration.

Notice that actual values of the nonlinear susceptibilities of 
NPs are considerably larger than those of NP suspensions due 
to small fraction of nanoparticles in the whole volume of sol-
vent. A simple and well-established method for estimation of 
the nonlinear susceptibilities of nanoparticles is to divide the 
nonlinear susceptibility of compound by the volume or weight 
part of NPs. In fact, the third-order nonlinear susceptibilities 
[� (3)] of composites, and correspondingly, γ and β, are also 
depend on the local field factor as

(15)� (3) = p|f |2f 2� (3)

NPs
.

(a) (b)

(c) (d)

Fig. 5  OA and CA Z-scans of Ag NP suspensions prepared by laser 
ablation of solid target using a 5 ns, 1064 nm, b 200 ps, 800 nm, and 
c 60  fs, 800  nm laser pulses. 60  fs, 800  nm pulses were used as a 
probe radiation in the a–c cases. d OA and CA curves in the case 

of 5  ns, 1064  nm probe pulses. Ag NPs were prepared using 5  ns, 
1064  nm pulses. Solid curves are the fits to experimental data (see 
text)
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Here, � (3)

NPs
 is the third-order nonlinear susceptibility of 

NPs, f  is the local field factor, and p is the filling factor (i.e., 
volume or weight part). The enhancement due to local field 
factor is insignificant in the case of metal NPs far from their 
SPRs. In particular, the insignificant enhancement of local 

(a) (b)

(c) (d)

Fig. 6  Measurements using 400  nm, 60  fs pulses. a CA, and b OA 
Z-scans of Ag NP suspension produced by 5  ns, 1064  nm pulses 
at different energies of probe pulses. c OA and CA Z-scans of Ag 

NP suspension produced by 200  ps, 800  nm pulses. d OA and CA 
Z-scans of Ag NP suspension produced by 60 fs, 800 nm pulses

(a) (b)

Fig. 7  a SA and RSA in Ag NP suspensions prepared by ablation 
using nanosecond pulses at different energies of 355 nm, 5 ns probe 
pulses: (filled circles) 30 µJ, and (empty squares) 60 µJ. b Self-defo-

cusing and 2PA using 355  nm, 5  ns laser pulses (E = 50  µJ) in the 
case of the suspension prepared by picosecond pulses
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field factor for Mn nanoparticles suspension was reported 
in Ref. [31]. In the case of Ag NPs |f |2 is in the range of 0.1 
and 1 in non-resonance conditions (i.e. at the wavelengths 
of 800, 1064, and 355 nm). In the resonance conditions, the 
local field factor increases become equal to 3.6 at 400 nm. 
The f of small-sized Ag NPs at different wavelengths was 
estimated in Ref. [32] where the influence of the local field 
factor on the power of probe pulse, particle size and photon 
energy around the SPR was analyzed. The role of the SPR 
of Ag NPs was also studied in Refs. [18, 33].

Third-order nonlinear susceptibilities in media having 
nonlinear absorption and refractive index can be considered 
to be a complex quantity

where, the imaginary part is related to the nonlinear absorp-
tion coefficient through

and the real part is related to γ through

Here, �0 is the permittivity of free space. For the 
presentation of � (3) in esu units, we used the rela-
tion� (3) [esu units] = (9 × 108∕4�)� (3) [SI units] . We cal-
culated χ(3) of NP suspensions and included these results 
in Table 1.

In Ref. [34], the nonlinear refraction index in larger 
sized nanoparticles is higher than in small NPs. The 
authors of this paper have also shown that the nonlinear 

(16)� (3) = Re� (3) + i Im� (3)

(17)Im� (3) =
n2�0c��

2�

(18)Re� (3) = 2n2�0c� .

refractive index larger for 17 nm Ag NPs with regard to 
13 nm Ag NPs. Switching from SA at lower intensities to 
RSA at higher intensities is explained through the transi-
tions of conduction band electrons to higher excited states. 
In our case, we obtained the switching of SA to RSA and 
self-focusing at highest used intensities of 400 nm, 60 fs 
laser pulses.

The parameters shown in Table 1 are attributed to the 
suspensions of Ag NPs. Our estimates show that the volume 
fraction of NPs in suspensions was in the range of  10−3. The 
values of γ and β of Ag NPs with 8 nm sizes can be multi-
plied by a factor of 1.0 × 105 for 1064 nm (i.e. far from SPR) 
and 11.0 for 400 nm pulses (i.e. in the resonance conditions) 
to determine these parameters attributed to Ag NPs taking 
into account the f defined from Ref. [32]. In particular, β of 
suspension measured by 1064 nm, 5 ns and 400 nm, 60 fs 
probe pulses was measured to be 3.0 × 10−10 cm W−1, and 
8.6 × 10−10 cm W−1. One can estimate β of NPs at these 
conditions to be 3.0 × 10−5 cm W−1, and 9.4 × 10−9 cm W−1 
respectively.

During these studies the 2PA cross section of Ag NPs was 
calculated. We used the β2PA values of Ag NPs for determi-
nation of the 2PA cross section (σ2PA) using the following 
relation

where h is Planck’s constant, ν is the frequency of light, NA 
is the Avogadro’s number, and V is the volume fraction of 
nanoparticles. The value of the 2PA cross section for the 
2PA absorption coefficient of the Ag NPs at 800 nm, 60 fs 
probe pulses was calculated to be 3.6 × 10−47 cm4 s photon−1.

(19)�2PA = (103 × h� × �2PA)∕NAV

Table 1  Nonlinear optical 
parameters of Ag NP 
suspensions

Ag NPs (8 nm) Ag NPs (50 nm) Ag NPs (15 nm)
Parameters of heating pulses

λ = 1064 nm, τ = 5 ns, 
E = 40 mJ

λ = 800 nm, 
τ = 200 ps, E = 0.56 µJ

λ = 800 nm, 
τ = 60 fs, 
P = 0.96 µJ

800 nm, 60 fs γ  (cm2 W−1) 2.0 × 10−15 3.4 × 10−15 1.9 × 10−15

β2PA (cm W−1) 1.0 × 10−10 0.9 × 10−10 0.9 × 10−10

χ(3) (esu units) 1.8 × 10−9 2.6 × 10−9 1.6 × 10−9

400 nm, 60 fs γ  (cm2 W−1) 2.1 × 10−15 1.5 × 10−15 3.2 × 10−15

β (cm W−1) RSA: 8.6 × 10−10 RSA: 5.5 × 10−10 2PA: 5.5 × 10−10

βSA (cm W−1) − 1.9 × 10−10 – –
χ(3) (esu units) 3.6 × 10−9 2.8 × 10−9 3.3 × 10−9

1064 nm, 5 ns γ  (cm2 W−1) − 1.2 × 10−14 – –
β2PA (cm W−1) 3.0 × 10−10 – –
χ(3) (esu units) 0.6 × 10−9 – –

355 nm, 5 ns γ  (cm2 W−1) – − 2.5 × 10−15 –
βRSA (cm W−1) 2.0 × 10−10 9.0 × 10−10 –
βSA (cm W−1) − 3.0 × 10−11 – –
χ(3) (esu units) − 0.2 × 10−9 0.8 × 10−9 –
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3.4  Transient absorption measurements

Figure 8 shows the pump–probe data for 8 nm Ag NPs pre-
pared by ablation using nanosecond pulses in deionized 
water. The TA curve for Ag NPs in water was fitted with sin-
gle exponential fit (solid curve). The profile of pump–probe 
signal of Ag NPs in deionized water indicates the process 
of photo-bleaching due to the resonant excitation at 400 nm 
(see also Fig. 6b, filled squares). The lifetime of excited plas-
mon for Ag NPs at 400 nm was measured to be 2.5 ps, which 
can be assigned to the electron–phonon relaxation time. In 
the case of 50 nm Ag NPs we did not observe similar tem-
poral response at the wavelength of 400 nm. This behavior 
could be explained by the size dependence and the nonlinear 
optical response of electron–phonon interaction dynamics of 
the Ag NPs. The theoretical approaches for calculating the 
ultrafast nonlinear optical responses of dielectric composite 
materials consisting of metal nanoparticles with different 
sizes and shapes are described in Refs. [35, 36]. The non-
linear local field effect in Ag nanoparticles was also studied 
in Ref. [31]. For particles with smaller sizes the relaxation 
process due to electron–phonon interaction is faster than for 
particles with larger sizes. It was shown that red shift of the 
peaks of the SPR related to increase of Ag NPs sizes led to 
the change of the nonlinear absorption in the field of femto-
second laser pulses.

For understanding the dynamics of electron relaxation in 
excited Ag NPs at resonance conditions we used the Z-scan 
and pump–probe data. One can determine the cross-section 
of bleaching of the Ag NPs by equation [37]:

where σ12 is the absorption cross section of Ag NPs 
and τ21 is the relaxation time of electron–phonon inter-
action. Using this equation and values of saturation 
intensities Isat = 6.3 × 108  W  cm−2 at 355  nm, 5  ns and 

(20)s12 = h�∕(2Isat × t21)

Isat = 2.4 × 1010 W cm−2 at 400 nm, 60 fs probe pulses we 
calculated the excited state absorption cross sections at 
the wavelengths of 355 nm and 400 nm as 6.7 × 10−16 and 
8 × 10−17 cm2 respectively.

3.5  Third harmonic generation in laser‑produced 
plasmas containing Ag NPs

Prior to the THG studies, we analyzed the structural and 
optical properties of deposited thin films on the surfaces 
of quartz and silicon substrates to proof the presence of Ag 
NPs during ablation of silver target in air. The absorption 
spectrum of the deposited thin films showed the appearance 
of SPR at 415 nm due to the formation of Ag NPs (Fig. 9). 
The atomic force microscopy (AFM) of the deposited silver 
films showed broad distribution of NPs’ sizes. Our theoreti-
cal analysis also showed that small sized Ag NPs started to 
evaporate 80 ps from the beginning of irradiating the bulk 
silver target using 200 ps, 800 nm pulses. Formation of NPs 
during ablation of thin films has also been predicted in Ref. 
[38].This type of ablation facilitates condensation of metal 
atoms into clusters and rapid growth of the atomic clus-
ters into nanoparticles with maximum sizes barely exceed-
ing 10 nm. The NPs with large sizes at around 100 nm did 
not contribute to low-order harmonic process. The velocity 
of nanoparticles depend on the mass and fluence of heat-
ing beam [39]. Only small clusters appear in the area of 
interaction at the moment of femtosecond pulse arrival (i.e. 
38 ns from the beginning of ablation). Thus these species are 
responsible for harmonic generation in present conditions.

We analyzed the advantages in application of small Ag 
NPs for low-order harmonic generation of femtosecond 
laser pulses. Some previous studies using the atomic plas-
mas produced on the surfaces of bulk silver target and the 

Fig. 8  Pump–probe measurements of Ag NP suspension at the wave-
length of 400 nm using 60 fs laser pulses

Fig. 9  Absorption spectra of the deposited silver on the surface of 
quartz substrate using 800  nm, 200  ps heating laser pulses. Inset: 
AFM of deposited films showing presence of Ag NPs on the depos-
ited surfaces of quartz substrate
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plasmas containing Ag NPs have shown relatively high 
conversion efficiency of harmonics generated in such 
media [40]. The usefulness in application Ag NPs for 
enhancement of HHG in the extreme ultraviolet range has 
also been demonstrated in Ref. [41].

Figure 10 presents the spectra and the intensity of the 
third harmonic (TH) as a function of the probe and the 
heating pulse intensity in the plasma plumes containing 
Ag NPs. One can see a sixfold enhancement of TH effi-
ciency in the case of air conditions compared with the 
THG in air. We also analyzed relation TH yield at the air 
pressure of 1.3 kPa. In this case, we obtained the 20 × 
enhancement of TH yield from Ag plasma with regard to 
residual air. A slope of fitting line in Fig. 10b corresponds 
to 3, which is the indication of the expected cubic depend-
ence between fundamental and harmonic pulses in the case 
of THG. Figure 10c shows the dependence of TH yield on 
the heating pulse energy. We did not observe saturation 

of THG at the highest used energy of heating picosecond 
pulses (0.5 mJ).

Figure 11a shows the dependence of the TH yield at dif-
ferent angles of rotation of quarter-wave plate, which caused 
variation of the polarization of driving radiation from linear 
(at 0°) to circular (at 45°). A deviation from linear polariza-
tion led to a decrease of TH intensity, which is typical for 
low- and high-order harmonics. The application of circularly 
polarized laser pulses led to complete disappearance of har-
monic emission, as it should occur assuming the origin of 
the harmonic generation process.

Figure 11b shows the Z-scan of THG performed for 
Ag plasma by changing position of focusing lens of the 
probe pulses. These measurements were carried out at 
1.2 × 1011 W cm−2 intensity of probe pulses in the focal 
plane. Further increase of intensity of femtosecond pulses 
in the focal position led to the decrease of THG at z = 0 posi-
tion of plasma plumes. This behavior can be explained by 

(a)
(b) (c)

Fig. 10  a Spectra of the third harmonic generation in the plasma con-
taining Ag NPs (thick curve) and in the air (thin curve). b Depend-
ence of the intensity of TH on the intensity of femtosecond laser 

pulses in silver plasma. c Dependence of the intensity of TH on the 
energy of heating picosecond laser pulses

(a) (b)

Fig. 11  a Dependence of TH intensity on the angle of rotation of the quarter-wave plate. b Dependence of THG on the position of plasma plume 
with regard to the focal plane of probe pulses. The intensity of laser beam in the focal plane was 1.2 × 1011 W cm−2
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phase mismatch of interacting waves due to the growth of 
concentration of the electrons in the interaction zones. The 
theoretical model for the calculation of electron concentra-
tion at these conditions was developed in Ref. [42]. This 
model can be applied to a wide range of plasma conditions.

The conversion towards 266 nm radiation in the case of 
plasma plume was notably stronger compared with THG in 
air. We defined the THG conversion efficiencies in air and 
Ag NP plasmas to be 1 × 10−3 and 4 × 10−3 in the case of 
800 nm, 60 fs driving pulses. The value of conversion effi-
ciency in air was comparable with earlier reported studies 
carried out at similar conditions [43, 44]. We attribute the 
TH enhancement to the involvement of small silver clusters 
in the harmonic generation.

4  Conclusions

We have analyzed the Ag NPs prepared during ablation of 
bulk silver in deionized water using different wavelengths 
and durations of heating pulses. Their structural, optical 
and low-order nonlinear optical parameters were deter-
mined. The joint appearance of nonlinear optical refraction 
and absorption was analyzed using the 1064 nm, 5 ns and 
800 nm, 60 fs probe pulses. The study of the nonlinear opti-
cal parameters of Ag NPs in the resonant and quasi-resonant 
conditions using 400 nm, 60 fs pulses have shown the pres-
ence of SA and RSA. The nonlinear absorption coefficient of 
suspensions was as high as 3.0 × 10−5 cm W−1 at the wave-
length of 1064 nm. The Ag NP suspension has demonstrated 
the outstanding optical limiting properties in the case of 
355 nm, 5 ns probe pulses. Nonlinear refraction showed the 
change of sign with variation of the wavelength and duration 
of laser pulses.

The nonlinear optical properties of small-sized nanopar-
ticles are related with the quantum confinement effect. Par-
ticularly, in the case of semiconductor nanoparticles, one 
has to take into account the variation of the band gap with 
the change of nanoparticles sizes. In our case, we observed 
the increase of the nonlinear refractive index for 50 nm Ag 
NPs with regard to smaller sized NPs using 800 nm, probe 
pulses. Meanwhile, in the case of 400 nm probe pulses the 
reverse case was observed.

The lifetime of excited plasmon for Ag NPs at 400 nm 
was measured to be 2.5 ps, which can be assigned to the 
electron–phonon relaxation time. The excited state absorp-
tion cross sections of Ag NPs at different wavelengths were 
determined. We also presented the theoretical studies of the 
laser ablation of silver in water. The application of small-
sized nanoparticles for low-order harmonic generation of 
femtosecond laser pulses was demonstrated and systemati-
cally analyzed during ablation of silver in air. The enhance-
ment of low-order harmonic generation is attributed to the 

influence of silver clusters on the nonlinear optical response 
of Ag plasma. These studies, for the first time, have dem-
onstrated the involvement of multi-atomic Ag particles in 
the growth of third harmonic yield. The conversion towards 
266 nm radiation in the case of plasma plume was notably 
stronger compared with THG in air. We defined the THG 
conversion efficiencies in air and Ag NP plasmas to be 
1 × 10−3 and 4 × 10−3 in the case of 800 nm, 60 fs driving 
pulses.

The selection of the topics of these studies follows with 
some logical sequences. OL effect is a process caused by 
the nonlinear optical properties of materials. It can be 
explained by Z-scan data. We also analyzed the cross sec-
tion of excited states using the saturable absorption data 
and transient absorption profile. Finally, we demonstrated, 
through harmonic generation, that ablation and formation 
of nanoparticles in liquid and air has the advantages, which 
can be used for high-order harmonic generation in the laser-
produced silver plasmas containing nanoparticles and quan-
tum dots. Furthermore, the increase of third harmonic yield 
in the plasmas containing silver nanoparticles allows basic 
explanation of the formation silver nanoparticles at different 
conditions.

In conclusion, we have presented two groups of studies 
to demonstrate the fact that exceptionally strong nonlineari-
ties (particularly, nonlinear absorption) strongly correlate 
with highly efficient third harmonic generation in Ag NPs. 
Particularly, we have shown the correlation between strong 
nonlinear optical response of silver nanoparticles in IR range 
and efficient third-order harmonic generation in the plasmas 
containing Ag NPs. These studies show the way to attribute 
the earlier reported exceptionally strong HHG conversion 
efficiency in Ag NP plasma to the specific features of those 
particles related with involvement of their plasmonic proper-
ties in the enhancement of nonlinear optical response in the 
extreme ultraviolet range.
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