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Abstract—The synthesis of nanostructured materials took much attention due to their advanced optical and
nonlinear optical properties, which can be used in various areas of communications, optics, laser physics and
medicine. During last two decades, special attention was given to the nonlinear optical properties of the
nanoparticles (NPs) of variable morphology. Here we review the recent studies of the nonlinear optical prop-
erties of silver and gold NPs. We discuss the Z-scans and pump—probe transient absorption studies allowing
determining the nonlinear refractive indices, nonlinear absorption coefficients and electron—phonon inter-
action times. The analysis of the low- and high-order harmonic generation in the laser-produced plasmas

containing Ag NPs and Au NPs is also presented.
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1. INTRODUCTION

Metal nanoparticles (NPs) have unique properties
allowing applications in mechanics, catalysis, magne-
tism, optics, electricity, new material development,
and heat physics, due to their morphology and size
effects [1]. Among them, noble metal NPs have
potential applications in the field of nanophotonics
due to their strong nonlinear optical response, thus
attracting a significant attention. As a typical repre-
sentative of noble metals, silver and gold nanoparticles
are particularly prominent.

Silver nanoparticles (Ag NPs) have attracted large
attention during last time due to possibility in convert-
ing ultrafine silver nanoclusters to monodisperse silver
sulfide nanoparticles [2], advanced performance of
silver nanoparticles in the catalysis of the oxygen
reduction reaction in neutral media [3], newly devel-
oped methods of diagnosis of breast cancer by surface-
enhanced Raman spectroscopy of silver nanoparticles
[4], enhanced antibacterial activity of bifunctional
Fe;0,—Ag core—shell nanostructures [5], etc. Along-
side 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 coeffi-
cients and nonlinear refractive indices of Ag NPs, as
well as the exploration of their potential applications,
were reported in a few studies [6—8]. There are exper-
imental studies showing that particle size, morphology
and surrounding medium of noble metal NPs have

great influence on their nonlinear optical properties
[9—11]. For example, Ag NPs with smaller particle
sizes demonstrated weak nonlinear optical response,
while larger particles were characterized by strong sat-
urable absorption (SA) [9]. With the increase of parti-
cle sizes, nonlinear absorption has shown a shift from
two-photon absorption (2PA) to SA, while nonlinear
refraction was transformed from self-defocusing to
self-focusing [10]. 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
intensity of probe laser pulse can also cause the varia-
tion of nonlinear optical properties, such as the shift
from SA to reverse saturable absorption (RSA). Asthe
incident intensity increases, the RSA leads to
enhancement of nonlinear absorption in the sample.

The attractive application of these nanostructured
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 [12], the metal nanoparticle-embedded poly-
mer 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 con-
ventional carbon black suspension [13]. It found that
the optical limiting effect is strongly particle size
dependent and the best performance is achieved with
the smaller particles.
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Ag NPs are extraordinarily efficient at absorbing
and scattering light and, unlike many dyes and pig-
ments, 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 elec-
trons on the metal surface undergo a collective oscilla-
tion when excited by light at specific wavelengths. The
advantages of Ag NPs include monodisperse distribu-
tion in surrounding environment without agglomera-
tion and aggregation, comprehensive characterization
including TEM and UV-Vis spectroscopy, good sta-
bility, and long life time. A unique property of spheri-
cal 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 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 nanoparticles in various
liquids [14]. In many cases the distilled water is used
during laser ablation of silver. Laser ablation of silver
was also performed in NaCl aqueous solution [15]. It
was shown that efficiency of Ag NPs formation
depends on the concentration of NaCl in aqueous
solution. Increase of NaCl concentration up to some
threshold values led to decrease of the probability of
NPs aggregation. Preparation of NPs in various solu-
tions has many applications. For example, Ag NPs
prepared during ablation in water are useful for sur-
face-enhanced Raman scattering spectroscopy.

Another nonlinear process, which actively pursued
using different NPs, is the frequency conversion of
strong laser field in the plasmas containing such spe-
cies. The low-order nonlinearities of NPs, which are
responsible for third harmonic generation in laser-
produced plasmas (LPP), were studied in [16]. The
LPPs are also considered as the attractive nonlinear
media for conversion of the frequency of ultrashort
infrared laser pulses towards the extreme ultraviolet
range. 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
[17]. 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.

Gold nanoparticles (Au NPs) have been extensively
studied due to possibilities for their use in different
areas of nonlinear optics, optoelectronics, and laser
physics. The applications of Au NPs include optical
limiting, optical switching, plasmonic waveguides,
photovoltaics, catalysis, drug delivery in medical sci-
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ence, nanotechnologies, spectroscopy and spectro-
photometry, electrochemical and bioelectrochemical
analysis, etc. Their unique optoelectronic properties
are related with the surface plasmons at around A =
530 nm, which being excited in the vicinity of this
wavelength cause the enhancement of optical and
nonlinear optical response [18]. Meanwhile, for the
infrared and blue excitation wavelengths (800 and
400 nm corresponding to the Ti:sapphire laser radia-
tion and its second harmonic, respectively), which
emit out from the SPR of Au NPs, other factors like
intraband transitions should also be taken into
account. The SPR and thereby the optical response of
Au NPs can be tuned by varying the size or shape of
the nanoparticles leading to necessity in their analysis
to define the customized optical properties for differ-
ent applications.

Au NPs in the form of colloidal solutions were pre-
viously prepared using either chemical or laser abla-
tion methods. The difference between these methods
consists in different size characteristics of the
nanoparticles produced. In previous studies, a dynam-
ics of the spatial and nonlinear optical parameters of
Au NPs was noted, but the mechanisms responsible
for these variations have not been clarified to a suffi-
cient extent. Optical nonlinearities of Au NPs were the
subject of a number of studies during the past two
decades. Those studies of gold aggregates at the wave-
length of 532 nm, i.e., at resonance conditions with
the SPR band of Au NPs, have shown that the changes
of the refraction index can be due to different physical
mechanisms.

Saturable absorption and reverse saturable absorp-
tion using the 532 nm excitation are two familiar non-
linear absorption types in gold nanoparticles [19]. SA
and RSA are related to the decreasing and increasing
in the absorption, respectively. For Au NPs, the SA
effect at resonance conditions (i.e., close to A =
530 nm) can mainly be attributed to the ground-state
plasmon bleaching of the intraband transition in the s-
p conduction band at moderate pump intensities. As
the SA bands belong to the visible range, the Au NPs
possess the potential of Q-switchers for short pulses
generation in this region [20]. Additionally, the RSA
effect can be related with the free-carrier absorption or
2PA. The changes from a negative value of nonlinear
absorption to a positive one with increasing pulse
energy suggest that the primary nonlinear absorption
in Au NPs has been transformed from SA to RSA pro-
cess, which can be useful for optical limiting of propa-
gating radiation.

Optical limiting is one of potential applications of
the materials’ optical nonlinearities. Previously,
small-sized species, like nanoparticles and quantum
dots, have shown the advantages in their use for OL
[21, 22]. The mechanisms that cause OL have different
origins. RSA, which takes place due to enhanced
absorption from excited states, is responsible for OL in
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colloidal metal compounds and fullerenes. 2PA is
responsible for OL in semiconductor structures.
Excited state induced process is one of the main
sources of optical nonlinearities, which has potential
applications for OL. Thus a search of enhanced popu-
lation of these states in the case of various nanoparticle
solutions is worth to continue by using the size-related
variations of their nonlinear optical response at off-
resonant conditions. Additionally, a search of effective
optical limiters at 800 nm is useful for practical appli-
cations.

An interest in nanoparticle-containing films is
caused due to their enhanced nonlinear optical
response [23]. Such films have attracted interest due to
their potential applications in optoelectronics as opti-
cal switches and optical limiters. The development of
new thin film compounds containing both semicon-
ductor and NPs allows for further enhancement of the
nonlinear optical characteristics of such structures.
During the last decade, there has been an interest in
the nonlinear optical features of chalcogenide thin
films [24—26]. The investigations of these films have
shown their prospects as optical limiters.

Most of previous nonlinear optical studies of dif-
ferent materials in a strong electromagnetic field were
performed using solutions and thick (of the order of a
few micrometers) films. At the same time, it is inter-
esting to investigate thin (of order of hundred nano-
meters) films. Particularly, gold nanocomposites have
tremendous applications in various fields due to the
influence of their SPR on the optical properties [27].
In the past decade, researchers have demonstrated the
potential applications of Au NPs using different lasers
[28, 29]. In those studies, the NPs were produced by
laser ablation of the gold bulk targets. Laser ablation is
an efficient method for the synthesis of NPs using dif-
ferent pulse durations, pulse energies, as well as vari-
ous liquids. In most cases, the deionized water was
used during the ablation to produce the gold NPs. Sev-
eral studies have revealed variable nonlinear optical
properties of Au NPs, nanorods, and thin films using
different laser pulses [30—33]. Particularly, the optical
nonlinearities of Au NPs arrays, which were deter-
mined by performing Z-scan measurements using a
femtosecond laser (800 nm, 50 fs), were reported in
[32]. The third-order nonlinear optical properties of
Au NPs embedded in Al,O;, ZnO, and SiO, at the
wavelength of 532 nm using the nanosecond Nd:YAG
laser were analyzed in [33]. Previously, the high-order
harmonics from Au NPs were studied in [34]. One can
assume that the plasma produced on the thin films can
enhance the efficiency of high-order harmonics due to
the influence of NPs.

In this review, we discuss different nonlinear opti-
cal properties of silver and gold nanoparticles. Partic-
ularly, in Section 2 we analyze the nonlinear absorp-
tion and nonlinear refraction of Ag NPs aqueous solu-
tions of different concentration, which were prepared
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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 discuss the influence of different
pulse repetition rate on the nonlinear optical charac-
teristics. Additionally, we analyze the optical limiting
and pump—probe studies of these NP solutions. In Sec-
tion 3, we discuss 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 also discuss the OL in Ag NP suspension
induced by 2PA and RSA at the wavelengths of
800 and 355 nm, respectively. We analyze the results of
the 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 also
discuss the advantages in application of small (8 nm)
Ag NPs for low- and high-order harmonic generation
of ultrashort laser pulses. Overall, these studies show
the correlation between strong nonlinear optical
response of silver nanoparticles out of their SPR and
efficient THG in the plasmas containing Ag NPs. In
Section 4, we analyze the results of studying the opti-
cal, structural, and nonlinear optical characteristics of
the Au NPs suspensions prepared using the chemical
technique. A systematic study of the third-order opti-
cal nonlinearities of the Au NPs of four different sizes
is discussed. We analyze the variable nonlinear optical
response of these nanoparticles. We also discuss the
optical limiting studies in Au NPs suspension. Finally,
in Section 5, we discuss the third-order nonlinear
optical properties and transient absorption of Au NPs
thin film as well as analyze HHG from the ablated Au
NP thin film.

2. INTERACTION OF PULSES OF DIFFERENT
DURATION WITH CHEMICALLY PREPARED
SILVER NANOPARTICLES: ANALYSIS
OF OPTICAL NONLINEARITIES

There are a few reports on the variations of optical
nonlinearities at different morphologies of Ag NPs
[11, 35]. However, there are no systematic studies
reported on the optical limiting, the influence of dif-
ferent concentrations of Ag NPs in liquids, and the
effects of laser pulse duration, wavelength and repeti-
tion rate on their nonlinear optical properties. Below
we discuss the interaction of pulses of different dura-
tion with chemically prepared silver nanoparticles and
analyze their optical nonlinearities [36].

2.1. Experimental Arrangements

Ag NPs were synthesized by chemical reduction of
sodium nitrate (AgNO;) and sodium borohydride
(NaBH,). AgNO; and NaBH, were dissolved in
deionized water respectively. The obtained NaBH,
solution was placed under the conditions of ice water
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Fig. 1. (a) UV-visible absorption spectra of two Ag NPs solutions of different concentrations. (b) SEM image of Ag NPs and cor-
responding size distribution. Reproduced from [36] with permission from Hindawi.

bath (0°C) and stirred quickly. The AgNOj; solution
was trickled slowly and evenly into the NaBH, solu-
tion, allowing it to react fully under ice water bath.
With the addition of AgNO;, the solution gradually
turned yellow, indicating that Ag NPs are formed. Ag
NPs with different concentrations were obtained by
adding different amount of AgNO; solution.

The absorption spectra of solutions at two concen-
trations are shown in Fig. 1a, which demonstrate the
SPR absorption peaks at around 400 nm. In the case of
the UV-visible spectral measurements, the 10 mm
thick quartz cells were used. The intensities of absorp-
tion peaks were proportional to the concentrations of
NPs. The morphology and particle size of Ag NPs
were measured by scanning electron microscope
(SEM) (S-4800, Hitachi). The NPs exhibited a regular
spherical structure (Fig. 1b). The particle size distri-
bution lied between 7 and 20 nm, with mean size of
13 nm. The concentrations (C) of two solutions of Ag
NPs were calculated to be 1.5 x 102 and 4.7 x
10~° mol/L.

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 compressor stage from
the main beam and used in different stages of these
studies. The duration of these uncompressed pulses
(200 ps) was measured by home-made 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 (A =
400 nm).

The standard single beam Z-scan scheme was used
for the measurements of the nonlinear optical proper-
ties of NPs using picosecond and femtosecond pulses.
The transient absorption (TA) measurements of Ag
NPs solutions were carried out by the pump—probe
technique using 400 nm, 60 fs pulses. Laser pulse from
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amplifier was split in the ratio of 30:70 with the use of
beam splitter. The transmitted beam was used as a
pump pulse and the reflected beam was used as a
probe pulse. In the case of optical limiting experi-
ments, the samples were installed in the focal plane.

2.2. Z-scan Measurements using Picosecond
and Femtosecond Pulses

The 200 ps pulses were used for the open-aperture
(OA) and closed-aperture (CA) Z-scans in the aque-
ous solutions of Ag NPs. The experimental results in
the off-resonant case (800 nm) using 200 ps pulses are
shown in Fig. 2. The theoretical fitting of experimental
results was carried out, and these curves are shown in
the corresponding figures. The nonlinear absorption
coefTicient was calculated to be 2 x 10~ cm W~!. At
higher concentration of Ag NPs, the incident intensity
was reduced by 15 times to 0.4 X 10’ W cm~2. The non-
linear absorption in that case was also induced by 2PA,
while the nonlinear absorption coefficient () was
increased by 15 times (B =3 x 10~ cm W-!, Fig. 2d)
compared with that of low concentration. The growth
of nonlinear absorption coefficient is mainly caused
by the increase of concentration. In the case of CA
Z-scans, the nonlinear refractive index (y) was increased
by 10 times (y=15 x 10783 and 5 X 1072 cm? W~ in the
cases shown in Figs. 2a, 2b). Thus the nonlinear
refractive index notably rises with the increase of con-
centration.

In the case of 400 nm, 200 ps pulses, the OA and
CA Z-scans were similarly performed using two con-
centrations of NPs. At the conditions of higher con-
centration, the nonlinear absorption coefficient was
two times larger compared to the low concentration
case (B=1x10"7and 2 x 10~7 cm W~!). The three-
fold growth of the nonlinear refractive index for these
two concentrations was observed (6 X 103 and 2 X
1072 cm? W1).
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Fig. 2. Experimental results (spheres) and theoretical fittings (solid curves) of CA (a, b) and OA (c, d) Z-scans of the Ag NPs
solutions of different concentrations (C = 1.5 X 1070 mol/L (a,c), C=4.7 X 1077 mol/L (b, d)) using 800 nm, 200 ps laser pulses.

Reproduced from [36] with permission from Hindawi.

A significant decrease of the nonlinear optical
characteristics using 800 nm, 60 fs pulses compared
with the case of using 200 ps probe pulses was
observed. Under the same incident intensity (2 X
10" W ¢cm~2), the increase of concentration led to a
considerable growth of nonlinear absorption coeffi-
cient and nonlinear refractive index, similarly to the
experiments using picosecond pulses. The growth rate
of nonlinear refractive index was approximately the
same as that of concentration (y =3 X 10~'® and 1 X
1075 c¢cm? W!). In the meantime, the nonlinear
absorption coefficient was increased from 1.5 x 10~12
to 7 x 1072 cm W, i.e., almost 5 times, with the
three-fold growth of NPs concentration.

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
Fig. 3. Under these conditions, the OA and CA Z-
scan curves were completely different from those
observed in the case of 800 nm picosecond and femto-
second pulses, as well as 400 nm picosecond pulses.
The OA Z-scans at two different concentrations of
NPs showed the SA (Figs. 3a, 3b). The three-fold
growth of concentration caused the two-fold increase
of negative nonlinear absorption coefficient (—4 x 10~!!
and —8 x 10~!'' cm W~ Figs. 3c, 3d). The saturation
intensities were calculated to be 2 x 10! and 9 x
10' W c¢cm~2 for the low and high concentrations of Ag
NPs.

The CA Z-scan curves showed the self-defocusing
in studied samples (Figs. 3a, 3b). Similarly, the growth
of NPs concentration led to the increase of nonlinear
refractive index (—8 % 10~ and —4 % 10~ cm? W).
The analysis of experimental results using femtosec-
ond pulses at the same concentration show that, at off-
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resonant conditions (A = 800 nm), the nonlinear
absorption was attributed to 2PA, while in the reso-
nant case (A = 400 nm), it was caused by SA. The non-
linear refraction correspondingly transforms from the
self-focusing in the case of above measurements 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.

In addition, the third harmonic of Nd:YAG nano-
second laser was used in this study. The OA Z-scan
experiments using 355 nm, 5 ns, 10 Hz repetition rate
pulses were carried out on the aqueous solution con-
taining 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 involvement of different nonlinear
optical processes. In particular, the role of saturable
and reverse saturable absorption can be largely
enhanced at the conditions when the relaxation time
constants of excited states participating in those pro-
cesses 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, the pump—probe transient absorption
studies of samples were carried out.

2.3. Pump— Probe Measurements of Transient
Absorption and Optical Limiting

TA measurements for chemically synthesized Ag
NPs (C = 4.7 x 1072 mol/L) were performed using
noncollinear degenerate pump—probe spectroscopy
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Fig. 3. Experimental results and theoretical fittings of CA and OA Z-scans of the Ag NPs solutions of different concentrations
using 400 nm, 60 fs pulses. Reproduced from [36] with permission from Hindawi.
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Fig. 4. (a) 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. (b) Optical lim-
iting of 800 nm, 60 fs pulses using Ag N Ps solutions at low (C= 1.5 x 10~° mol/L, empty circles) and high (C=4.7 % 107? mol/L,
filled triangles) concentrations. Reproduced from [36] with permission from Hindawi.

(400 nm, 60 fs pulses). Figure 4a represents the TA
profile of Ag NPs in deionized water measured using
the femtosecond pump pulse fluence of 25 pJ/cm?.
Prior to TA study of Ag NP, TA profile for water was
also measured, which showed no change in transmit-
tance of the probe pulse at the maximum fluence used
in this experiment (100 wJ/cm?). TA profile was com-
pared with the single exponential fit to determine the
relaxation time constant, which was measured to be
T, = 3.9 ps at the pump pulse fluence of 25 puJ/cm?.
This parameters is significantly larger compared with
the pulse duration of used femtosecond pulses. In the
case of Ag NPs, excitation generally happens through
plasmon excitation where the electron—electron scat-
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tering time scale is of the order of few femtoseconds,
whereas the electron—phonon interaction lasts much
longer time with the time scale of a few picosecond
[37]. The femtosecond dynamics associated to the
electron—electron scattering in Ag NPs was not
observed in the TA profile, which can be explained by
faster electron—electron scattering dynamics com-
pared to the employed laser pulse width. The elec-
tron—phonon interaction in Ag NPs generally occurs
in 100 fs to ps time scale hence the time constant of
3.9 ps can directly be attributed to the electron—pho-
non interaction at 400 nm.

Optical limiting is generally analyzed using nano-
second pulses. Meanwhile, femtosecond pulses can
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Table 1. Nonlinear optical parameters of Ag NPs solutions. Reproduced from [36] with permission from Hindawi
C=1.5x10"° mol/L C=4.7 x 107 mol/L
800 nm 400 nm 800 nm 400 nm

ps fs ps fs ps fs ps fs
Y, cm? W! 51008 | 3x1070 | 6x10712 | —8x 1071 | 5x1072 | 1x10°5 | 2x1072 [—4x 107
Bypa, cm WL 2 x 1078 1x1077 3% 1077 2% 1077
Brsa, cm W1 1.5 x 10712 7% 10712
Bga, cm W! —4 x 10711 —8x 10711
I, Wem™ 2 x 101 9 x 1010
Ty, PS 3.9
Eop, 1 0.6 0.5

effectively avoid heat accumulation and other effects
compared with nanosecond pulses. Below we discuss
this process in the case of femtosecond pulses.
Figure 4b demonstrates the optical limiting in the Ag
NPs solutions at two concentrations in the case of
800 nm, 60 fs radiation. As it is shown in the figure,
the transmitted energy increases linearly with the
growth of the incident pulse energy in the low energy
range and then reaches the saturation.

The transmitted energy approaches to a steady
value when the incident energy of 800 nm pulses
increased above 0.75 uJ. The optical limiting threshold
was defined as the maximum transmitted energies
Eor = 0.5 and Ey; = 0.6 W in the case of high and
low concentrations of NPs, respectively. One can see
that this parameter decreases with the growth of Ag
NPs concentration.

All measured nonlinear optical parameters are col-
lected in Table 1, where the 7V, Bapa, Brsas Bsas Lt Tt
and E; for two concentrations of NPs and two wave-
lengths (800 and 400 nm) are shown.

3. STRONG THIRD-ORDER OPTICAL
NONLINEARITIES OF AG NANOPARTICLES
SYNTHESIZED BY LASER ABLATION
OF BULK SILVER IN WATER AND AIR

No systematic studies, which combine the analysis
of nonlinear absorption/refraction and lowest order
harmonic generation in the same nanoparticle
medium, were reported so far. Earlier studies were
focused on the particular properties of Ag NPs related
with different components of their third-order nonlin-
ear susceptibilities. Particularly, nobody studied in
depth the correlation between different components of
those susceptibilities. Here we analyze those groups of
studies to demonstrate the fact that exceptionally
strong nonlinearities (particularly, nonlinear absorp-
tion) out of the SPRs of nanoparticles strongly cor-
relate with highly efficient third harmonic generation

OPTICS AND SPECTROSCOPY  Vol. 127 No. 3

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 their
plasmonic properties in the enhancement of nonlinear
optical response in the extreme ultraviolet range [38].

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 target immersed in deion-
ized water. The target sizes were 5 X 5 X 2 mm. The
ablation was carried out during 30 min. The color of
suspension was changed during laser ablation until
became yellow shade. The silver target was also ablated
using 200 ps, 800 nm and 60 fs, 800 nm laser pulses.

The nonlinear optical parameters of Ag NP sus-
pension were investigated using Z-scan technique.
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 OL study was carried out by
varying the energy of the pulses propagating through
the quartz cell containing Ag NP suspension, which
was installed in the focal plane. A noncollinear degen-
erate pump—probe technique was applied to study the
transient absorption in Ag NPs. In the case of THG
studies the laser radiation (A = 800 nm, T = 60 fs) was
focused by a 400 mm focal length lens on the LPP. The
beam waist radius of the focused radiation was 38 pm.
The spectral characteristics of third harmonic radia-
tion (A = 266 nm) were analyzed by a spectrometer
(USB2000, Ocean Optics). To create plasma plume, a
pulse was split from the Ti:sapphire laser by a beam-
splitter 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. A delay

2019
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Fig. 5. (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 (/) 1064 nm, 5 ns, (2) 800 nm, 200 ps, and (3) 800 nm, 60 fs pulses. Reproduced from [38] with permission from Springer.

between fundamental and heating pulses was adjusted
to be 38 ns.

TEM and SEM images and histograms of the Ag
NPs prepared by ablation of bulk silver using pulses of
different duration are presented in Figs. 5a, 5b, 5c.
The linear absorption spectra of Ag NP suspensions
(Fig. 5d) 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 coeffi-
cient of Ag NPs at A > 450 nm was larger compared to
the case of nanosecond ablation. The sizes of NPs
were measured to be 8 and 50 nm, by using the 5 ns and
210 ps pulses for laser ablation.

3. 1. Optical Limiting and Third-order
Nonlinearities of Ag NP Suspension

Optical limiting is the important aspect for the
application of nanostructured materials in nonlinear
optics and laser physics particularly to protect sensitive
systems and eyes from high-power laser radiation [39].
Earlier the optical limiting using Ag NPs was reported
in [40]. It was shown that OL in these NPs in the field
of nanosecond laser pulses at A = 532 nm is much
stronger than in other materials such as Cgq, and chlo-
roaluminumphthalocyanine. Below we analyze OL
using 800 nm, 60 fs, and 355 nm, 5 ns laser 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.

OPTICS AND SPECTROSCOPY  Vol. 127

The linear dependence between input and output
800 nm, 60 fs pulses was maintained up to the input
pulse energy of ~0.6 uJ (Fig. 6a, filled triangles). Fur-
ther growth of input pulse energy led to OL of propa-
gated laser radiation due to 2PA. This process was
maintained up to the energy of 800 nm pulses of
~2.0 WJ, which allowed stabilization of output energy
at the level of 0.5 wJ along the 0.6—2.2 uJ 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 suspension containing Ag NPs in deionized water.
In the case of water, the inclination of /,,/[;, from the
linear dependence was also observed 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 to 600 WJ
(Fig. 6b). One can see that Ag NP suspension demon-
strated excellent OL properties in the case of nanosec-
ond UV pulses. Those observations of the optical lim-
iting in silver nanoparticles suspension were attributed
to 2PA and RSA at the wavelengths of 800 nm and
355nm probe pulses, respectively. During these
experiments, the OL was analyzed by either increasing
or decreasing the energy of laser pulses. In these two
cases, the similarities with the same threshold energy
for OL were obtained.

The nonlinear optical parameters of Ag NP sus-
pensions measured at different experimental condi-
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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. Reproduced from [38] with permission from Springer.

tions are collected in Table 2. 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 action of nanosecond probe pulses was
at the threshold of registration.

The actual values of the nonlinear susceptibilities
of NPs are considerably larger than those of NP sus-
pensions due to small fraction of nanoparticles in the
whole volume of solvent. A simple and well-estab-
lished method for estimation of the nonlinear suscep-

tibilities of nanoparticles is to divide the nonlinear sus-
ceptibility of compound by the volume or weight part
of NPs. In fact, the third-order nonlinear susceptibil-

ities [X(3)] of composites, and correspondingly, Y and
B, are also depend on the local field factor as

1Y = pUIT AR

Here, xf,)PS 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

(1)

Table 2. Nonlinear optical parameters of Ag NP suspensions. Reproduced from [38] with permission from Springer

Ag NPs (8 nm) Ag NPs (50 nm) Ag NPs (15 nm)
Parameters of heating pulses
A =1064 nm, T=5ns A =800 nm, T = 200 ps A =800 nm, T=60fs

800 nm, 60 fs Y, cm? W1 2.0 x 1071 3.4 %1075 1.9 x 1075

Bypa, cm W-! 1.0 x 10710 0.9 x 10710 0.9 x 10710

x®, esu units 1.8 x 107° 2.6 x 1077 1.6 x 107°
400 nm, 60 fs ¥, cm? W! 2.1 x 1078 1.5 x 1075 32x 1078

B, cm W-! RSA: 8.6 x 10710 RSA: 5.5 x 10710 2PA: 5.5 x 10710

Bsa, cm W! 1.9 x 10710 - -

x®, esu units 3.6 x 1077 2.8 %1077 33x107°
1064 nm, 5 ns v, cm? W-! —12x 1074 - -

Bypa, cm W 3.0 x 10710 - -

x®, esu units 0.6 x 107° - -
355nm, 5 ns v, cm? W-! — —2.5% 10715 -

Brsa, cm W1 2.0 x 10710 9.0 x 10710 -

Bga, cm W! —3.0x 107! - -

Y, cm? W-! —0.2x107° 0.8 x 1070 -

OPTICS AND SPECTROSCOPY  Vol. 127 No.3 2019
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insignificant enhancement of local field factor for Mn
nanoparticles suspension was reported in [41]. 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 becomes equal to 3.6 at
400 nm. The f of small-sized Ag NPs at different
wavelengths was estimated in [42] where the influence
of the local field factor on the power of probe pulse,
particle size and photon energy around the SPR was
analyzed.

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

1Y =Rex? +ilmy?, )

where the imaginary part is related to the nonlinear
absorption coefficient through

(3) _ n’e,chB 3)
o
and the real part is related to y through

Imy

Rey® = 2ng cy. (4)
Here, g, is the permittivity of free space. For the pre-

. 3) . . .
sentation of X( ) in esu units, one can use the relation

x® [esu units] = (9% 10° /4myy® [SI units]. ¥ of NP
suspensions was calculated and included in Table 2.

The parameters shown in Table 2 are attributed to
the suspensions of Ag NPs. The estimates show that
the volume fraction of NPs in suspensions was in the
range of 1073. The values of ¥ and B of Ag NPs with
8 nm sizes can be multiplied by a factor of 1.0 x 10’ 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 fdefined from [42]. In particular, B of sus-
pension measured by 1064 nm, 5 ns and 400 nm, 60 fs
probe pulses was measured to be 3.0 X 10719 cm W,
and 8.6 X 107 cm W~!. One can estimate B of NPs at
these conditions to be 3.0 x 1073, and 9.4 X 10~ cm W,
respectively.

3.2. Transient Absorption Measurements

Figure 7 shows the pump—probe data for 8§ nm Ag
NPs prepared by ablation using nanosecond pulses in
deionized water. The TA curve for Ag NPs in water was
fitted with single 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. 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 theoretical approaches
for calculating the ultrafast nonlinear optical

OPTICS AND SPECTROSCOPY  Vol. 127
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Fig. 7. Pump—probe measurements of Ag NP suspension
at the wavelength of 400 nm using 60 fs laser pulses. Repro-
duced from [38] with permission from Springer.

responses of dielectric composite materials consisting
of metal nanoparticles with different sizes and shapes
are described in [43, 44]. 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 femtosecond
laser pulses.

For understanding the dynamics of electron relax-
ation in excited Ag NPs at resonance conditions the Z-
scan and pump—probe data were used. One can deter-
mine the cross-section of bleaching of the Ag NPs by
equation [45]:

O = hv/Q2lyTy). %)

Where G}, is the absorption cross section of Ag NPs
and T,; is the relaxation time of electron—phonon
interaction. Using this equation and values of satura-
tion intensities /,, = 6.3 x 108 W cm~2 at 355 nm, 5 ns

S;
and I, = 2.4 x 10" W cm~2 at 400 nm, 60 fs probe
pulses the excited state absorption cross sections at the
wavelengths of 355 and 400 nm were calculated as

6.7 x 1071 and 8 x 10~ cm?, respectively.

3.3. Third Harmonic Generation in Laser-Produced
Plasmas Containing Ag NPs

Prior to the THG studies the structural and optical
properties of deposited thin films on the surfaces of
quartz and silicon substrates were analyzed 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
formation of Ag NPs. The atomic force microscopy of
the deposited silver films showed broad distribution of
NPs’ sizes. The theoretical 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. Different factors limiting THG
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Fig. 8. (a) Spectra of the third harmonic generation in the plasma containing Ag NPs (thick curve) and in the air (thin curve).
(b) Dependence of the intensity of TH on the intensity of femtosecond laser pulses in silver plasma. (¢) Dependence of the inten-
sity of TH on the energy of heating picosecond laser pulses. Reproduced from [38] with permission from Springer.

in plasmas was analyzed in [46]. This type of ablation
facilitates condensation of metal atoms into clusters
and rapid growth of the atomic clusters into nanopar-
ticles with maximum sizes barely exceeding 10 nm.
The NPs with large sizes at around 100 nm did not
contribute to low-order harmonic process. The veloc-
ity of nanoparticles depends on the mass and fluence
of heating beam. 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 gen-
eration in present conditions.

In discussed studies, the advantages in application
of small Ag NPs for low-order harmonic generation of
femtosecond laser pulses. Some previous studies using
the atomic plasmas produced on the surfaces of bulk
silver target and the plasmas containing Ag NPs have
shown relatively high conversion efficiency of har-
monics generated in such media [47]. The usefulness
in application Ag NPs for enhancement of HHG in
the extreme ultraviolet range has also been demon-
strated in [48].

Figure 8 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 six fold enhance-
ment of TH efficiency in the case of air conditions
compared with the THG in air. We also analyze the
TH vyield at the air pressure of 1.3 kPa. In this case the
20x% enhancement of TH yield from Ag plasma with
regard to residual air was obtained. A slope of fitting
line in Fig. 8b corresponds to 3, which is the indication
of the expected cubic dependence between fundamen-
tal and harmonic pulses in the case of THG. Figure 8c
shows the dependence of TH yield on the heating
pulse energy. No saturation of THG at the highest
used energy of heating picosecond pulses (0.5 mJ) was
observed.
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The conversion towards 266 nm radiation in the
case of plasma plume was notably stronger compared
with THG in air. THG conversion efficiencies in air
and Ag NP plasmas were determined to be 1 x 1073
and 4 x 1073 in the case of 800 nm, 60 fs driving pulses.
The value of conversion efficiency in air was compara-
ble with earlier reported study carried out at similar
conditions [49].

4. SIZE-DEPENDENT OFF-RESONANT
NONLINEAR OPTICAL PROPERTIES
OF GOLD NANOPARTICLES
AND DEMONSTRATION OF EFFICIENT
OPTICAL LIMITING

The enhanced nonlinear optical properties of
nanoparticles as compared to those of the bulk state
make nanoscale particles more promising for design-
ing optoelectronic and micro-electronic devices. In
this connection, the growing interest in gold nanopar-
ticles is related to their unique optical, morphological,
and electronic properties that are based on the quan-
tum-confinement effect [50]. Many types of studies
for Au NPs with different shapes (sphere, cube, octa-
hedron, rod, etc.) have been carried out [51—57]. The
theoretical models have brought forward an under-
standing of the origin of these fascinating phenomena
in Au NPs [58].

Above analysis presented in Introduction section
shows that the optical nonlinearities of Au NPs under
530 nm resonant conditions have been studied exten-
sively. Meanwhile, the analysis of the off-resonant
nonlinear optical behavior of synthesized Au NPs of
different sizes at around 800 and 400 nm or even
shorter wavelengths is of special importance. Some
variations of the third-order nonlinear properties in
Au NPs have been found for wavelengths at around
800 nm [58]. Meanwhile, the role of spatial character-
istics of nanoparticles at off-resonant conditions yet
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took attention during previous studies of Au NPs. The
size dependent variations of nonlinear optical charac-
teristics along with the strong nonlinear optical
absorption of both large (>50 nm) and small (<20 nm)
Au NPs under 400 and 800 nm femtosecond pulses
can be used for different applications, such as high-
order harmonic generation in “optimally” prepared
Au NPs plasmas, optical limiting and switching, etc.

Below we analyze the results of studying the opti-
cal, structural, and nonlinear optical characteristics of
the Au NPs suspensions prepared using the chemical
technique [59]. A systematic study of the third-order
optical nonlinearities of the Au NPs of four different
sizes is discussed. We analyze the variable nonlinear
optical response of these nanoparticles. We also dis-
cuss the optical limiting studies in Au NPs suspension.

4.1. Synthesis and Characterization
of Au NPs Suspensions

Gold nanoparticles can be synthesized by different
methods. Since the optical, and especially nonlinear
optical, properties are strongly governed by Au NPs
sizes, morphology, and surrounding environment, a
modified preparation of the Turkevich citrate method
[60] was chosen for the synthesis of four different sizes
of nanoparticles. The sizes of the Au NPs were con-
trolled by quantitatively varying the addition of the tri-
sodium citrate (stabilising and reducing agent) to tet-
rachloroauric acid.

Au NPs were prepared by the reduction of tetra-
chloroauric acid (HAuCl,) with trisodium citrate
(Na;C4H;0,). The HAuCl, solution (1% 2 mL) and
deionised water (48 mL) were heated until boiling.
Then specific quantities of trisodium citrate along
with deionized water (5 mL) were added quickly into
this boiling mixture under vigorous stirring. The solu-
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tion turned from yellow to wine-red color and then the
heating was stopped after 15 minutes. The stirring was
continued for another 30 minutes until the reaction
mixture was cooled down. To prepare the Au NPs sus-
pensions of different sizes, 0.0143, 0.0285, 0.114, and
0.228 g of trisodium citrate were added during the pro-
cess to stabilize and reduce the HAuCl, and to obtain
a descending size distribution of Au NPs. The particle
size and the shape of prepared samples were deter-
mined using a scanning electron microscope (SEM,
S-4800, Hitachi) and a transmission electron micro-
scope (TEM, JEM 2100F, JEOL). The absorption
measurements of samples were performed using a
UV-Vis spectrophotometer (Cary Series, Agilent
Technologies). The optical spectra were measured in
the range of 400 to 800 nm to detect the characteristic
SPR and visible light absorption of Au NPs suspen-
sions. The conventional Z-scan scheme was used to
study the off-resonant third-order nonlinear optical
properties of Au NPs suspensions.

The particle size distribution and the morphology
of synthesized Au NPs were determined from the
SEM and TEM images (Fig. 9a). The mean diameters
of Au NPs were found to be 64, 32, 17, and 13 nm in
the case of addition of different amount of trisodium
citrate to the mixture. It was distinctly observed that
the increase of trisodium citrate led to a decrease of Au
NPs sizes, which has shown that the relative concen-
tration of the precursor and the reducing agent
strongly affect the nucleation and the growth progres-
sion of Au NPs. For particles below 20 nm, the size
distribution was comparatively homogeneous and the
standard deviation from mean size was minimal. Elec-
tron microscopy of suspensions (Fig. 9b) demon-
strated no changes in the size parameters of the
nanoparticles occurring during two months period.
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Fig. 10. Absorption spectra of different Au NPs. Inset
shows the enlarged area of the maximums of the SPR of
different Au NPs. Reproduced from [59] with permission
from Optical Society of America.

The size distribution of Au NPs remained stable as
well.

The optical properties of Au NPs show the charac-
teristic absorption dominated by SPR peaks at 537,
528, 526, and 521 nm for particle sizes of 64, 32, 17,
and 13 nm, respectively (Fig. 10). For the metal
nanoparticles, the size controllability and surface ten-
ability are essential. The electronic and optical proper-
ties exploited in their applications are highly depen-
dent on the particle size and shape. The red shift is also
accompanied by a broadening of the SPR band. The
red shift increased with the increase in particle size
and is characterized by appearance of blue colored
solution. The absorption spectrum is determined by
the localized surface plasmon resonance of the metal
nanoparticles in the suspension [61]. The broad range
of particle sizes and shape distributions for 64 nm Au
NPs resulted in a notably broader absorption spec-
trum. The width and position of SPR was varied as a
function of particle size and shape (see inset in
Fig. 10).

As has been previously pointed out in a number of
studies, the absorption spectra of Au NPs can be con-
trolled, to a considerable extent, by the parameters and
methods of preparation of the nanoparticle-contained
solutions. The positions of the SPR of these colloidal
suspensions prepared by chemical methods corre-
spond to the range of 530—550 nm, whereas, in the
case of laser ablation, the peak of the SPR is slightly
shifted toward shorter wavelengths due to the influ-
ence of small-sized particles. Variations of the absorp-
tion spectra of the chemically prepared Au NPs were
analyzed during two months and no significant
changes were observed.

Previously, the aggregation and precipitation of Au
NPs were the main reasons for variation of the optical
and nonlinear optical properties of the nanoparticle
suspensions obtained by chemical and laser ablation
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methods. Note that the nonlinear optical studies
described in this paper were performed at the condi-
tions of the stabilization of the size and spectral char-
acteristics of the Au NPs in the suspensions. The stud-
ies were carried out in the spectral regions correspond-
ing to single (in the case of 400 nm radiation) and two-
photon (in the case of 800 nm radiation) absorption in
the suspensions containing Au NPs. These nanoparti-
cles showed mostly spherical shape. Notice that the
absorption peak at around 527 nm corresponds to a
commonly reported SPR of the spherical Au NPs.

Once the sizes of nanoparticles increase, their peak
of plasmon resonance will be tuned towards longer
wavelength and vice versa. One can use Mie and
Drude theory to show that the sizes of Au NPs can be
calculated from their absorption spectra. The band-
width of SPR has earlier been used [62] to estimate Au
NPs sizes according to the equation

Aw, ), =Vve/R, (6)

where A, ,, is the half width of the absorption band,
R is the Au NPs radius in nanometers, and F is the
Fermi velocity of conduction electrons in gold (1.39 X
105 nm/s). By applying this formula, which is useful
for small particles (R < 20 nm), the diameter of Au
NPs in studied suspension was estimated (11 nm).
This value is close to the direct measurements of the
mean size of Au NPs using the TEM images (13 nm).

4.2. Nonlinear Optical Studies

The main nonlinear optical process observed using
OA scheme at A = 800 nm and related to the small-
sized Au NPs was the nonlinear absorption (Fig. 11a).
This process has earlier been associated with the RSA
[60]. These OA Z-scans were obtained in the case of
the suspensions containing 13, 17, and 32 nm
nanoparticles. The values of the nonlinear absorption
coefficients for these three Au NPs suspensions were
calculated to be 1.5 x 1072, 1.5 x 10~'2, and 2 X
1072 cm W-!, respectively. The nonlinear absorption
in these suspensions was also observed in the case of
400 nm pulses. In this case the process was also
attributed to RSA (Fig. 11b). The measured values of
the nonlinear absorption coefficients attributed to
RSA in these three Au NPs suspensions were 1 X 10~1,
1.5 x 10" and 1.2 x 10~ cm W, respectively, which
are larger than in the case of longer wavelength pulses.
No effect of the fused silica cell and water was
observed up to I, =3 x 10" Wem—2,

In the meantime, the SA was observed in the case
of the suspension containing 64 nm Au NPs by using
both 800 and 400 nm pulses. Though the SA in the
case of 800 nm pulses was relatively weak (JAT] <0.075,
Fig. 1la, upper curve), its influence was notably
increased in the case of shorter wavelength (400 nm)
pulses (JAT] ~ 0.2, Fig. 11b, upper curve) even at sig-
nificantly smaller intensity. This wavelength-depen-
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1.9 x 10" and 4.5 x 10" W ¢cm™2 in the focal plane. Reproduced from [59] with permission from Optical Society of America.

dent growth of SA is a commonly observed feature
attributed to larger cross section of population of the
excited states responsible for RSA in the case of
shorter wavelength excitation.

The electric field polarizing a nanoparticle may
substantially exceed the external applied field. The
most remarkable manifestation of this effect is related
to the plasmonic properties, which enhance the non-
linear optical characteristics of the medium in the
vicinity of the central wavelength of SPR, especially in
the case of resonant excitation. This resonance can be
considered in the framework of the model of collective
oscillations of surface electrons in a nanoparticle.
However, in the used case (800 and 400 nm pulses) the
excitation occurs far from the SPR band of Au NPs
(~530 nm). Thus the SA of Au NPs hardly could be
attributed only to the influence of SPR, which is the
coherent coupling between free electrons of the con-
duction band and the external electromagnetic field
emitting at approximately similar wavelength [63].

The measurements and calculations of nonlinear
refractive indices of Au NPs suspensions were carried
out using the standard CA Z-scans and fitting
procedures. The y at two wavelengths were calculated

to be Ys00nm = 1.4 % 1071 cm? W= and Y450 pm = 2 ¥
10719 cm? W-! (both for 17 nm Au NPs suspension).
The calculated data of the nonlinear optical character-
istics of different Au NPs are collected in Table 3.

4.3. Optical Limiting

OL materials based on noble metal nanoparticles
are attractive, because gold and silver nanoparticles
are easy to prepare, and they are highly soluble and
stable in aqueous and organic solvents. The optical,
nonlinear optical and optical limiting properties of
gold and silver nanoparticles strongly depend on their
size, shape, surrounding matrix, and solvent in which
the nanoparticles are dissolved. Previously, consider-
able efforts have been focused on investigating the
relationships between the OL and nonlinear optical
properties of Au NPs and their size and shape (nanos-
tars, nanospheres, nanorods, nanoshells, bipyramidal,
etc). In the case of nanosecond pulses, the Au NPs
exhibited intensity-dependent transformation from
SA to RSA. Thus, Au NPs were found to display
strong OL properties in the case of relatively long and

Table 3. Calculated nonlinear optical characteristics of four Au NPs. Reproduced from [59] with permission from Optical

Society of America

Nonlinear optical characteristics of Au NPs

A=800nm, r=60fs, 1 kHz, E= 160 nJ A=400nm,r=60fs, 1 kHz, £E=38nJ
. B, cm/W (x1077) B, cm/W (x1077)
Diameter ¥, cm?/W (x10710) v, cm?/W (x10710)

OA OA

64 nm 0.18 -0.7 -23 =27
(I = 5.7 x 1072 W/cm?) (I =4 x 107" W/cm?)
32 nm 0.13 0.84 9
17 nm 0.14 0.59 2 7.2
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Fig. 12. Optical limiting of 800, 60 fs pulses in water and
suspension containing 17 nm Au NPs. Reproduced from
[59] with permission from Optical Society of America.

high energy laser pulses [64]. The improved OL
response in Au NPs has earlier been discussed from
the viewpoint of structural characteristics.

In discussed studies, the OL was demonstrated
using the 800 nm, 60 fs pulses propagating through the
suspension containing 17 nm Au NPs in water. This
effect is attributed to RSA. The suspension was placed
close to the focal plane of 400 mm focal length lens.
The energy of 800 nm pulses was gradually increased
and then the output radiation propagated through the
2-mm-thick cell containing Au NPs suspension was
measured. The linear dependence between input and
output pulses was maintained up to the input pulse
energy of ~0.11 uJ (Fig. 12, filled spheres). Further
grow of input pulse energy led to OL of the energy of
propagated laser radiation.

The energy of propagated pulse was stabilized at
~0.15—0.17 uJ. This process was maintained up to the
input energy of 2 uJ above which stronger impeding
processes worsened the propagation of laser pulses.
Similar study in pure water showed no declination
from the linear dependence up to Ej,, = 0.35 uJ of
output radiation (Fig. 12, empty circles). At these con-
ditions the coefficient of optical limiting induced sup-
pression of propagating radiation in Au NPs suspen-
sion compared to pure water was measured to be ~2.5.
Further growth of input energy (i.e., above E,,, =
0.4 w) led to the growing influence of white light gen-
eration in water and declination of E ./ Eq ratio
from the linear dependence. Nevertheless, at highest
used input energy (Ej,,, = 1.9 uwJ) the ~4-fold suppres-
sion of output pulses in Au NPs suspension compared
to the pure water was achieved.
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CCD XUVS

Fig. 13. High-order harmonic generation setup. FP, con-
verting femtosecond pulses, PP/NP, picosecond or nano-
second heating pulses; FL, focusing lenses; VC, vacuum
chamber; T, target; LP, laser plasma; XUVS, extreme
ultraviolet spectrometer; CM, cylindrical gold-coated
mirror; FFG, flat field grating; MCP, microchannel plate;
CCD, CCD camera. Reproduced from [65] with permis-
sion from Hindawi.

5. NONLINEAR OPTICAL STUDIES
OF GOLD NANOPARTICLE FILMS

In this section, we analyze the third-order nonlin-
ear optical properties and transient absorption of gold
NP thin film as well as demonstrate the high-order
harmonic generation from the ablated gold NP thin
film [65].

The synthesis of Au NPs in solution was carried out
by irradiation of the bulk gold target immersed in
deionized water using 800 nm, 200 ps, 1 kHz pulses.
The laser beam was focused by a 100 mm focal length
lens on the bulk gold. Typically, the energy density of
laser radiation on the metal surface was in the order of
10 J/cm?. The irradiation of metal surface resulted in
the fast removal of the material confined to the laser
spot. The sample was displaced with regard to the laser
beam, using a translating stage to avoid the formation
of deep holes. The ablation was done for 10 minutes at
continuous stirring. The Au film was prepared by
evaporation of the aqueous suspension containing
gold nanoparticles and then used as the target to per-
form the experiments. The thickness of thin film was
examined by scanning electron microscope (SEM) to
be approximately 100 nm. A noncollinear degenerate
pump—probe technique and a Z-scan technique were
employed to measure the transient absorption and
nonlinear optical characteristics of Au NP films.

HHG in the plasmas produced during the ablation
of Au NP thin film was performed using the setup
shown in Fig. 13. The driving femtosecond pulses
(800 nm, 30 fs, 1 kHz) propagated through the plasma
formed by the nanosecond heating pulses (1064 nm,
5ns, 10 Hz) at different delays between the heating
and driving pulses. The harmonic yield was maxi-
mized by adjusting the position of the target. The gen-
erated high-order harmonics were analyzed by an
extreme ultraviolet (XUV) spectrometer and detected
by a microchannel plate with phosphor screen. The
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harmonic spectrum from the phosphor screen was
imaged by a charge-coupled device (CCD) camera.

5.1. Low-order Nonlinearities of Au NP Film

SEM images and histograms of the Au NPs pre-
pared by ablation of bulk gold using picosecond pulses
are presented in Fig. 14a. The inset in Fig. 14a shows
the size distribution of Au NPs, which covers the 10—
90 nm range with mean size 30 nm. The sample shown
in Fig. 14a was prepared by drying the drop of Au NP
solution on the Si wafer or glass. Then this sample was
analyzed by SEM. A few existing empty places in the
SEM image had the sizes (<200 nm) significantly
smaller than the area used for absorption measure-
ments (5 X 5 mm) of the thin (~100 nm) gold film
deposited on the silica glass plate. The presence of
those tiny holes causes the insignificant variation of a
whole spectral pattern. The absorption spectrum
remained the same in different parts of deposited film
due to the averaging of absorbance measured along the
large area.

The absorption spectrum of thin film was analyzed
in the range of 400 to 800 nm. The absorbance
measurements were made using a 100 nm thin film.
Figure 14b shows the absorption spectrum of Au NP
thin film. The observed surface plasmon resonance of
Au NPs was at 520 nm.

In the case of CA Z-scan measurements, the self-
focusing was observed. The nonlinear refractive index
was calculated from the fitting of the experimental CA
curve. The nonlinear refractive index was calculated to
be 2.6 X 107" cm? W,

Figure 15 shows the OA and CA Z-scan curves of
thin film. In the case of OA, the Au NP thin film
showed SA, while close to focal area it demonstrated
the RSA. The measured saturated intensity was 1.3 X
10'©W cm™2. Brga Was calculated from the fitting curve

to be 9 x 107® cm W~ This value is one of largest
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reported in the case of thin films measurements using
different materials.

Time evolution of the absorption of probe pulses in
the presence of pump pulses in the Au NP film at
400 nm is shown in Fig. 16. Prior to the TA measure-
ments of the Au NP film deposited on a glass slide, the
TA measurements of the pure glass slide were per-
formed to separate its contribution from the former TA
data. The pump—probe profile for thin gold film indi-
cated the process of photobleaching due to excitation
of the NPs under irradiation of 52 nJ, 400 nm, 35 fs
pump pulses. In general, mechanisms of photoexci-
tation by femtosecond pulses in a metal include the
excitation of electrons to a higher energy state through
optical absorption, which leads the nonequilibrium
electronic subsystem to relax via redistribution of the

T = 1.3x 10" Wem™
Brsa =8.9x 100 cm W!
=2.6x10"" cm? W!

Y moem 400 nm, 30 fs

30nJ)

=
[\

—
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Fig. 15. OA and CA Z-scan curves of thin film measured
using the 400 nm, 30 fs pulses. SA is saturable absorption;
RSA is reverse saturable absorption; NRA is nonlinear
refraction and absorption. Reproduced from [65] with per-
mission from Hindawi.
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Fig. 16. Pump—probe dynamics of Au NP thin film at
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energy of excited electrons, typically known as elec-
tron—electron scattering interaction. The energy
redistribution of the excited electrons occurs through
electron—electron scattering within about 100—300 fs,
which have been attributed to the electron thermaliza-
tion process.

Another process of relaxation for excited electrons
occurs via energy transfer of the electron to the lattice
in the picosecond time scale due to electron—phonon
interaction. In the present study, the employed pulse
width (35 fs) of the femtosecond pulses was smaller
than the decay time scale of the electron—electron
relaxation dynamics in Au NPs. This made it feasible
to probe the electron—electron dynamics. The fitting
of the TA profile (Fig. 16, solid line) allowed determi-

nation of the time constants (t,, = 220 fs and 1,_,, =

1.6 ps) at A = 400 nm. Here, T, and t,_,, are electron
thermalization time constant and electron—phonon
relaxation time constant.

5.2. High-order Harmonic Generation
in Au NP Plasmas

The nanostructured materials can significantly
enhance the harmonic yield in XUV range, since they
have already demonstrated the ability to increase the
second- and third-order nonlinear optical processes.
Below we analyze the studies of high-order nonlinear
optical processes in the plasma produced on the Au
NP thin film deposited on glass substrates. HHG from
the plasmas created on the bulk gold target and Au thin
film were compared. The harmonics generated from
the plasmas produced on the glass substrates, without
thin film, were negligible compared with those from
the plasmas produced on the bulk and metal thin
films. In two cases, the plasma plumes were ablated
using the 1064 nm, 5 ns heating pulses. The moderate
intensity of heating pulses allowed the evaporation of
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the neutral atoms and singly-charged ions from the
targets during laser ablation. The advantages of the
applications of neutral atoms and singly-charged ions
for HHG have been demonstrated in a series of previ-
ous HHG studies in the laser-produced plasmas [66—
68]. The optimal plasma plume was created by moving
the target with regard to femtosecond beam propaga-
tion.

Figure 17a shows the harmonic spectra from the
plasmas produced on the bulk Au and Au NP-con-
tained thin films at 200 ns delay time between the
heating and driving pulses. It was demonstrated that
the harmonic intensity was significantly (approxi-
mately five times) enhanced in the case of Au NP thin
film with regard to bulk Au. The experiments were car-
ried out at different delays between the heating nano-
second and driving femtosecond pulses. Figure 17b
shows the intensity variation of the eleventh harmonic
with respect to different delay times. The maximum
intensity of harmonics was achieved in the range of
200—500 ns delay times. During the ablation of thin
film at optimal delays, the generation of the strong
harmonics up to the 29th order was achieved. How-
ever, after crossing the delay of 800 ns the yield of har-
monics was notably decreased.

The HHG from gas clusters has been reported in a
few earlier studies [69—73]. Moreover, the harmonic
generation in the plasmas containing plasmonic parti-
cles of different materials has also been analyzed to
demonstrate the advantages of the proposed approach
of HHG amendment [74—76]. In the plasma HHG
studies, the nanoparticles were synthesized during
laser ablation in a vacuum prior to formation of the
NP-containing plasma plume or their appearance in
the plasma was accomplished by ablation of commer-
cially available nanoparticles.

The present research has demonstrated the prepa-
ration of gold nanoparticles during ablation of solid
material in the liquid environment, deposition of syn-
thesized NPs on the glass and silicon wafer, and abla-
tion of thin deposited film in a vacuum to produce the
plasma containing nanoparticles of narrow size distri-
bution for harmonic generation at different delays
between heating and driving pulses. Among them the
most important novelty is the analysis of the role of the
delay between the heating picosecond pulses creating
nanoplasma and the driving femtosecond pulses gen-
erating harmonics on the HHG conversion efficiency.
All previous HHG studies with nanoparticle-contain-
ing plasmas and gases were carried out at either fixed
delay between heating and driving pulses (in the for-
mer case) or fixed distance from the nozzle of the gas
jet [77, 78]. In previous plasma HHG studies, short
delays of up to 100 ns between the heating and driving
pulses were employed. It was not clear how heavy
nanoparticle species could influence the processes of
frequency conversion, because there was no proof of
their presence in the interaction region with the driv-
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Fig. 17. (a) High-order harmonic spectra generated in the plasmas produced on the Au thin film and bulk Au. (b) Dependence
of 11th harmonic yield on the delay between heating and driving pulses. Reproduced from [65] with permission from Hindawi.

ing laser (i.e., at the distance of a few hundred
micrometers from the target surface), since one can
expect their arrival in the region of the femtosecond
laser beam propagation a few tens of microsecond
from the beginning of ablation. One explanation was
based on the disintegration of larger species into small
clusters and monoatomic species, which probably
could reach the interaction area at the short delays
employed. However, no sufficient confirmation of this
assumption has been provided.

To match the propagation of the driving pulse and
the highest concentration of the studied group of
multi-atomic species with a much larger delay, which
cannot be achieved by optical methods, one therefore
has to use the electronic methods of the adjustment of
the delay between the heating and the driving pulses.
The application of two electronically separated pulses
from different lasers synchronized by a digital delay
generator allows analysis of the involvement of various
multi-particle species in the HHG process. Applica-
tion of this approach for HHG in multi-particle plas-
mas, alongside with other methods of harmonic
enhancement, requires the analysis of the dynamics of
ablated species spreading out from the target to tem-
porally match them with the propagation of driving
femtosecond pulses through the plasma. One can
expect the arrival of 30 nm particles in the region of the
femtosecond laser beam propagation a few tens of
microseconds from the beginning of ablation. Mean-
while, the discussed studies demonstrated the optimi-
zation of delays leading to the growth of harmonic
yield in the case of Au NP plasma at around 200 ns.
Below, we address this difference in the expected and
actual optimal delay between heating and driving
pulses in the case of Au NP-contained plasma.

In the case of a thermalized ablation plume, the
average arrival times can be assigned to different clus-
ter sizes. The delay between heating and driving pulses
at which the harmonic yield reaches its maximum
should scale as a square root of the atomic or molecu-
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lar weight of the constituents. The ejection of lighter
clusters from NPs allows them to reach the region of
the driving beam earlier than heavier species. There-
fore, NPs comprised of #n atoms should appear in the
interaction zone n°> times later compared to single
atoms, molecules, or ions of the sulfides. The addi-
tional studies revealed that, for bulk gold ablation, the
maximum harmonic yield from single gold atoms and
ions occurred at a delay of about 180—300 ns. Mean-
time, the Au NPs allowed efficient generation at about
200—400 ns delay (Fig. 17b), which is approximately
equal to the delay in the case of Au atoms and ions.
Furthermore, attempts to observe HHG at the delays
of up to 50 us (i.e., at the expected delay for thermal-
ized larger nanoparticles) did not show any harmonic
emission. Thus, the discussed studies demonstrated
that NPs arrive at the area of interaction with the fem-
tosecond laser beam notably earlier than one would
expect for a thermalized ablation plume. In other
words, all gold NPs acquire, from the very beginning,
a similar kinetic energy and spread out from the sur-
face with velocities approximately similar to those of
the single gold atoms and ions ablating from bulk
material. This conclusion reconciles the similarity in
the optimal delays for HHG from bulk and NPs targets
of the same material (Au).

It was suggested in [79] during their studies of third
harmonic generation in plasma plumes that, at laser
ablation characterized by the blast mechanism of
laser—matter interaction, a similar average Kinetic

energy E = mv’ /2 could characterize all plasma com-
ponents of the same elemental composition. Thus, the
average arrival time assigned to the particles contain-
ing different amounts of identical atoms will be
approximately the same, contrary to the case of slowly
produced thermalized plasma. The studies of the
high-order nonlinear optical processes occurring in
the plasmas confirm this assumption. The difference
in “optimal” delays between heating and driving
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pulses is related to the difference in the velocities of
particles, which depends on the atomic masses of the
components of NPs. Similar conclusions have been
reached during recent studies of HHG from the metal
sulfide quantum dots [80].

6. SUMMARY

In this review, we have discussed different nonlin-
ear optical properties of silver and gold nanoparticles.
We have systematically analyzed the optical, struc-
tural, and nonlinear optical properties of 13 nm silver
nanoparticles using probe pulses of different duration.
The nonlinear optical properties of Ag NPs aqueous
solutions prepared by chemical reduction method
under 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 depend on the
NPs concentration in 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 (A = 800 nm) was four orders of
magnitude lager than that in the case of femtosecond
probe pulses. In the resonance case (A = 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
compare the studies using picosecond and femtosec-
ond probe pulses. OA Z-scans were also carried out
close to resonance band of Ag NPs at the high concen-
tration of Ag NPs aqueous solution under the condi-
tions of application of the nanosecond pulses (A =
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
repetition rate has no significant effect on the nonlin-
ear optical characteristics of studied samples at used
experimental conditions. In addition, the recovery
time of these nonlinear processes was measured by a
degenerate pump—probe transient absorption tech-
nique using 400 nm radiation (T, = 3.9 ps). The effect
of beaching was observed with the increase of pump
pulse fluence above 46 wJ/cm?, which occurs beyond
10 ps time scale. Finally, we have demonstrated the
optical limiting of Ag NPs using 800 nm, 60 fs pulses,
which showed the two-fold decrease of propagated
pulses at £ = 2.25 yJ of incident radiation and stabili-
zation of the optical limiting at the £ = 0.5—0.6 uJ of
output pulses.

We have further 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 opti-
cal parameters were determined. The joint appearance
of nonlinear optical refraction and absorption was
analyzed using the 1064 nm, 5 ns and 800 nm, 60 fs
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probe pulses. The study of the nonlinear optical
parameters of Ag NPs in the resonant and quasi-reso-
nant conditions using 400 nm, 60 fs pulses have shown
the presence of SA and RSA. The nonlinear absorp-
tion coefficient of suspensions was as high as 3.0 X
107> cm W1 at the wavelength 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 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 absorption cross sections of Ag NPs at
different wavelengths were determined. The applica-
tion of small-sized nanoparticles for low-order har-
monic generation of femtosecond laser pulses was
demonstrated and systematically analyzed during
ablation of silver in air. The enhancement 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 demon-
strated 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.

The selection of the topics of these studies followed
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 section of excited states using the saturable
absorption data and transient absorption profile.
Finally, it was demonstrated in the refereed studies,
through harmonic generation, that ablation and for-
mation of nanoparticles in liquid and air has the
advantages, which can be used for high-order har-
monic generation in the laser-produced silver plasmas
containing nanoparticles and quantum dots. Further-
more, the increase of third harmonic yield in the plas-
mas containing silver nanoparticles allows basic expla-
nation of the formation silver nanoparticles at differ-
ent conditions.

The Au NPs has been of the significant importance
due to their use for surface-enhanced Raman scatter-
ing. We analyzed four groups (with the sizes of 13, 17,
32, and 64 nm) of Au NPs of different sizes at 400 and
800 nm using the 60 fs pulses propagating through the
Au NPs suspensions. The plasmonic resonance of
Au NPs is far from 800 nm. We analyzed the optical,
structural, and nonlinear optical characteristics of
Au NPs suspensions synthesized by chemical method.
Their nonlinear refractive indices, nonlinear absorp-
tion coefficients, and saturated intensities were mea-
sured. We also discussed the optical limiting of
800 nm, 60 fs pulses in 17 nm Au NPs suspension and
showed approximately four-fold limitation of propa-
gated pulses with regard to the pure water. The compe-
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tition of saturable and reverse saturable absorption in
the case of 800 nm pulses were analyzed at different
energies of laser pulses.

As it was shown in discussed studies, the nanorods,
nanocubes, and nanoparticles of the same metal show
completely different properties. That is the reason why
many groups are working to develop different methods
of synthesis of the metallic nanoparticles and particu-
larly Au NPs. The discussed work was aimed in the
search of size-dependent nonlinear optical properties of
GN at 400 nm (i.e., near the plasmonic resonance) and
800 nm (i.e., out of the plasmonic resonance). The cal-
culation of the B in the case of RSA (7 X 10~¢ cm W)
in Au NPs is among the largest reported so far for the
metal nanoparticles. The intensity-dependent trans-
formation from saturable absorption to reverse satura-
ble absorption and excellent optical response indicate
that the small-sized Au NPs can be considered as
potential candidate in passive mode locking and
eye/device protection against powerful lasers.

Finally, we have discussed the studies of the gold
nanoparticle-contained thin film prepared by evapo-
ration of the Au NP suspension, which was synthe-
sized by laser ablation. The Au NP thin film was char-
acterized using the UV-visible absorption spectra and
SEM analysis. We have analyzed the origin of strong
nonlinear absorption (9 x 10~¢ cm W) in this film at
400 nm. The thin film exhibited a switch from SA to
RSA at stronger excitation. The relaxation time of SA
was measured to be 1.6 ps. The high-order harmonic
generation was analyzed in the plasma containing gold
nanoparticles. The HHG efficiency in that case was
ten times higher compared with the case of bulk gold
ablation. For the first time, the effective application of
the ablated 100 nm thin film of gold nanoparticles for
harmonic generation in the 27—115 nm range was
achieved.

Opverall, the Ag and Au NPs have demonstrated the
advanced nonlinear optical properties, which can be
further used in different areas of optoelectronics.
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