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Abstract The studies of third-order nonlinear optical
processes (nonlinear saturable absorption, reverse satura-
ble absorption, two-photon absorption, and nonlinear
refraction) in the titanium and cobalt nanoparticles syn-
thesized by laser ablation of bulk materials in deionized
water, toluene, and ethylene glycol are reported. The
nanoparticle suspensions are systematically characterized
by absorption spectroscopy, scanning electron microsco-
py, and Z-scan technique using 800 nm and 400 nm, 60 fs
pulses as well as 355 nm, 6 ns pulses. The concurrence of
different nonlinear absorption processes in nanoparticle-
containing suspensions is discussed. We also demon-
strate the optical limiting of these nanoparticles in water
using the 800 nm, 60 fs pulses.

Keywords Laser ablation . Titanium nanoparticles .

Cobalt nanoparticles . Nonlinear refraction . Nonlinear
absorption . Optical limiting . Colloids

Introduction

Formation and characterization of various types of metal
nanoparticles (NPs) and quantum dots prepared by
chemical and laser ablation methods are the ongoing
active areas aimed at their applications in different fields
of science (Wang et al. 2015; Diedenhofen et al. 2015;
Joos et al. 2017). NPs possess outstanding structural
characteristics, attractive functional features, and excep-
tional nonlinear optical properties compared to those
properties of similar bulk materials (Karali et al. 2005;
Stepanov 2016). Their distinctive properties were fre-
quently used for optical, electronic, and magnetic appli-
cations, as well as for catalysis and biological studies
(Ganeev et al. 2004, 2007, 2008).

Currently, laser ablation of the materials immersed in
liquid surrounding media has been established as a
method for formation of stable NPs (Link et al. 2000;
Semaltianos 2010; Ganeev et al. 2005; Hahn et al.
2008), especially those which cannot be synthesized
by chemical methods. The majority of studies have been
based on the formation of various NPs by focusing the
laser pulses on the metal targets immersed in liquids
(Shukla et al. 2013). Due to the resonance effect arising
from the plasmon resonance of some NPs, their size and
shape can be controlled by laser irradiation in various
solvents (Mafune et al. 2000; Ali et al. 2015; Tsuji et al.
2005; Jeon and Yeh 1998). Advantages of this method
are the high purity of the NPs, variety of materials, and
the in situ dispersion of NPs in different liquids tolerat-
ing safe and stable control of the colloids. Also, the
solvent molecules surrounding NPs can protect them
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in some cases from aggregation due to their viscosity
and other properties. These studies have also shown the
crucial influence of the wavelength and pulse duration
of laser radiation on the size and shape of produced NPs
(Tsuji et al. 2002; Kabashin and Meunier 2003;
Sugiyama et al. 2002; Takami et al. 1999).

Among numerous NPs, the titanium (Ti) and cobalt
(Co) species attracted the interest due to their various
potential applications (Han et al. 2006). The titanium in
its metallic form is not only strong and light-weight but
also highly resistant to corrosion. Therefore, it is often
used in aerospace and military applications. Ti NPs
allow improvement of the radiation resistance. Ti NPs
are used in different industrial applications, disease di-
agnostics, medical imaging, and other fields (Jiang et al.
2018). They have high transparency in the visible range
and high UVabsorption. Co NPs can be used in medical
sensors, coatings, plastics, nanofibers, nanowires, tex-
tiles, and high-performance magnetic recording mate-
rials. Cobalt oxide NPs can also be used in military
applications due to their strong absorption of visible,
infrared, and millimeter waves.

Earlier, researchers ablated the bulk Ti rods using
nanosecond and femtosecond pulses to produce NPs
(Alnassar et al. 2013). The results of studies of various
titanium-based NPs formation by laser ablation of Ti
rods in liquid environment comprising water, ethanol, 2-
propanol, and n-hexane were also reported in Reference
(Golightly et al. 2006). They have shown the effect of
laser fluence on NP characteristics by ablation using a
532-nm Nd: YAG nanosecond laser operating at 10 Hz.
In particular, it has been demonstrated that mean particle
size and the size distribution increase with growing laser
intensity. Ti shows the presence of oxygen in its NPs,
which comprised the combination of TiO and TiO2.
Previously, TiO2 NPs have shown the reverse saturable
absorption (RSA) at the wavelength of λ = 780 nm
(Yuwono et al. 2003), and the giant nonlinear optical
response at λ = 1064 nm related with two-photon ab-
sorption (2PA) (Gayvoronsky et al. 2005). The mixed
two- and three-photon absorption in bulk rutile TiO2 at
λ = 800 nm was observed using the open-aperture (OA)
Z-scan technique (Evans et al. 2012). The formation of
Co NPs has been earlier achieved with laser ablation
using nanosecond pulses at 355, 532, and 1064 nm (Jin
Zhang and Lan 2008; Shukla et al. 2013; Tsuji et al.
2005; Jyothi et al. 2015; Ganeev et al. 2002). Despite
those previous works, there have been no reports on the
nonlinear absorption and refraction coefficients of Ti

and Co NPs at 800 and 400 nm wavelengths measured
using femtosecond pulses. Moreover, we analyze Ti and
Co NPs, which were produced during laser ablation of
bulk materials using 800 nm, 200 ps pulses for the first
time, to the best of our knowledge.

Both Ti and Co are transition metals from the fourth
period. Elements in the same period show trends in
atomic radius, ionization energy, electron affinity, and
electronegativity. Moving left to right across a period,
atomic radius usually decreases. This decrease in atomic
radius also causes the ionization energy to increase
when moving from the left to right across a period. Ti
and Co have comparable boiling (3287 and 2927 °C)
and melting (1660 and 1495 °C) temperatures, while
different densities (4.54 and 8.9 g/cm3). Their main
thermal properties are similar. Apart from the
abovementioned interest to Ti and Co NPs, the search
of peculiarities in the nonlinear optical response can
give additional information about their structural
properties.

In this paper, we analyze the ablation using pico-
second laser pulses and formation of Ti and Co NPs
in three liquids. We choose three solvents such as
deionized water, toluene, and ethylene glycol (EG) to
create the NPs of Ti and Co and control their sizes
and shapes. We observe that the size and shape of
NPs vary in different surrounding liquids at similar
laser ablation conditions. We report the results of
measurements of the nonlinear refractive indices,
nonlinear absorption coefficients, and saturated in-
tensities of these NPs at the wavelengths of 800 nm
and 400 nm (at pulse duration of t = 60 fs), as well as
355 nm (t = 5 ns). We also discuss our studies of
optical limiting (OL) in the suspensions containing
these NPs.

Experimental arrangements

The nanoparticles were formed via laser ablation of the
Ti and Co sheets immersed in a liquid-containing fused
silica cell. The experimental arrangement for laser abla-
tion is shown in Fig. 1a. The incident light was focused
on the 1-mm-thick metal sheet using a 100-mm focal
length spherical lens, while the 20-mm-thick cell was
moved along two directions (x and y) at a velocity of
0.01 mm s−1. The ablation was performed using uncom-
pressed radiation of Ti: sapphire laser (200 ps, 800 nm;
Spitfire Ace, Spectra-Physics) at 1 kHz repetition rate
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during 20 to 30 min. The bulk targets were ablated at
pulse energy 550 μJ in deionized water, toluene, and
ethylene glycol (EG). Before choosing this pulse energy,
we ablated the targets with lower pulse energy range. At
these conditions, there is a less probability of formation
of bubbles in the solvents. However, after increasing the
pulse energy up to 550 μJ, significant raise of bubble
formation was observed, which directly indicates the
worthy production of NPs using 200 ps, 800 nm pulses.
The liquid bubbles were produced during ablation of Ti
and Co sheets that indicated the vaporization of sol-
vents. The superheated bubbles serve as reaction vessels
during NP formation. Atomic and molecular ions most
likely come from both the solvent and the Ti/Co during
ablation, whereby ion-ion, ion-radical, and ion-
molecule interactions take place to form new species.
The solvent plays an important role in the variety of NPs
produced that is shown by the personalized production
of NPs containing carbon and/or oxygen in different
solvents.

Once the solution of NPs became prepared, the UV-
visible absorption spectroscopy and scanning electron
microscopy (SEM) were performed to characterize the
suspensions. The UV and visible absorption spectra of
NPs were measured using the spectrophotometer
(Agilent Technologies). The SEM studies were carried
out using the scanning electron microscope (SEM)
(S-4800, Hitachi).

Figure 1b shows the standard Z-scan scheme, which
was used in these studies. The Ti:sapphire laser
(Spectra-Physics, Spitfire Ace) provided 60 fs, 800 nm
pulses at 1 kHz repetition rate. These pulses were fo-
cused by a 400-mm focal length spherical lens. The
thickness of fused silica cells filled with NP suspensions
was 2 mm. The OA Z-scan scheme with fully opened
iris aperture placed in front of wide area photodiode
allowed measurement of the nonlinear absorption of
NP suspensions during movement through the focal
plane. In the case of closed-aperture (CA) Z-scans, the
aperture was narrowed to allow transmitting ~ 10% of
input radiation. The measurements of transmitted radia-
tion in this scheme allowed calculating the nonlinear
refractive index of NP suspensions.

The normalized transmittances of our samples were
analyzed using the standard fitting procedure to deter-
mine their nonlinear absorption coefficients (β) and
nonlinear refractive indices (γ). Prior to Z-scanmeasure-
ments, we characterized the probe beam using a CCD
camera (Thorlabs) and confirmed that the beam profile

in the focal area was close to the Gaussian, which is a
prerequisite for the analysis of the Z-scan traces using
the relations developed for this technique. The corre-
sponding full widths of focused beam at half maximum
and 1/e2 maximum of intensity distribution were mea-
sured to be 42 and 76 μm, respectively. For Z-scan
studies, we also used the 400 nm radiation from the
same laser by converting 800 nm, 60 fs pulses to the
second harmonic in the barium borate (BBO) crystal, as
well as 355 nm, 5 ns pulses from Nd:YAG laser (Q-
Smart, Coherent).

For OL studies, we kept the samples at the focal area
of laser beams and measured the transmitted energy as a
function of input energy.

Results and discussion

Ablation and characterization of samples

The ablation of bulk materials and formation of NPs in
the surrounding media like liquids are the complex
processes requiring the analysis of the size-dependent
spectral properties of synthesized NPs. Ablation of ma-
terials by laser pulses can be considered as a several
stage process with different relaxation times. Initially,
laser energy is absorbed by electrons in the bulk target.
This process is almost instantaneous as the only element
governing it is the long-range Coulomb force of the laser
field and the charged particles. Then, the heated elec-
trons give their energy to ions, which is a longer process
involving the electron-phonon coupling of the material.
This process is also relatively fast as compared to atom-
atom collisions which redistribute the energy across the
volume of the bulk target, melt it, and lead to actual
material removal if the energy acquired by the particle is
sufficient to leave the surface of the target. Certainly, it
can happen that more atoms tend to split off together
resulting in the direct removal of NPs from the surface.
The next stage is the interaction of the ablated material
with the laser pulses and the surrounding medium. In
general, interaction with the laser radiation follows the
same stages and leads to further fragmentation of NPs.
However, the particles have quite different sizes, so their
spectral properties are altered greatly, and the destruc-
tion of smaller NPs can go slower. The effect of inter-
action with the surrounding dense medium is twofold.
From one hand, the speed of the particles is greatly
reduced compared with ablation in air and vacuum,
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resulting in longer times of exposition to laser radiation.
As a result of friction in the medium, the temperature on
the surface of ablated NPs increases. On the other hand,
the NPs quickly transfer heat to the surroundingmedium
via heat conductivity, so the actual temperature dynam-
ics may be complicated. Also, the agglomeration of NPs
and deposition of particles on NPs can occur with much
greater probability in the surrounding medium than in
vacuum or air.

In our case, Ti and Co NPs were synthesized by laser
ablation of bulkmaterial in water (H2O), ethylene glycol
(C2H2), and toluene (C7H8) and ethylene glycol (EG)
solutions. In the case of toluene and EG solvents, the Ti
and Co NPs might contain carbon. Ablation in water led
to varying the amount of oxygen incorporation and
titanium oxide formation. Very stable and large size
NPs were produced due to the high pressures and tem-
peratures of the reaction conditions. After initial analy-
sis, the solutions of NPs were stored in vials. The NPs
were analyzed over a period of 1 month and showed
stability with some minor fluctuations in sampling.
There was no deviation in the composition. The NPs
did not undergo further modification within this time.
Some of the largest NPs precipitated, and a faint deposit
was visible on the bottom of the vials. UV absorption
spectra and SEM analysis of the solution revealed that
NPs became suspended in solutions without deposition
and aggregation. Similar procedure of NPs formation
was maintained during bulk Co ablation.

Figure 2 shows the UV-visible absorption spectra of
Ti (Fig. 2a–c) and Co (Fig. 2d–f) NPs ablated in water,

toluene, and ethylene glycol solutions. In the case of
water and toluene, the Ti NPs show the surface plasmon
resonance (SPR) (Fig. 2a, b) at ~ 280 nm, whereas for
EG, it is at 457 nm. Moreover, Ti NPs in water and EG
possess extended SPR compared to Ti NPs in toluene.
The absorbance of Ti NP suspensions in water starts to
increase at λ ≤ 500 nm, while for EG, it was at λ ≤
700 nm. Previously, Barmina et al. reported that Ti
NPs have the absorption peak at 530 nm after being
ablated by 355 nm, 150 ps pulses in water (Barmina
et al. 2010). It was shown earlier that the Ti NPs change
their SPR in the case of different composites of materials
(Zhao et al. 2015; Torrell et al. 2012; Zhang et al. 2016;
Anthony et al. 2008). In the case of Co NPs, the absorp-
tion peaks are located at 400 nm and 700 nm (for water),
287 nm (toluene), and 310 nm (EG). Earlier, several
researchers shown that the SPR peaks of Co NPs vary
based on preparation methods of NPs and composites
(Li et al. 2011; Simon et al. 2016; Yashunin and Korytin
2017; Kaminskiene et al. 2013). In our case, the Ti and
Co NPs show the different absorption peaks (Fig. 2) in
three different liquids, which directly indicates that the
size distribution and morphology of produced NPs are
different; to identify this, we have further used the SEM
analysis.

Figures 3 and 4 and shows the SEM image and size
distributions of the Ti and Co NPs ablated in water
toluene and EG, respectively. The size distribution of
Ti NPs in water, toluene, and EG lies in between 20 and
250 nm, 10 and 100 nm, and 20 and 60 nm, and is
corresponding tomean sizes 125 nm, 30 nm, and 40 nm,

Fig. 1 a Schematic layout for
ablation of titanium and cobalt in
different liquids. Laser, (800 nm,
200 ps, 1 kHz); lens, f = 100 mm.
FCC, fused silica cell; T, target
metal; MSxyz, moving stage. b Z-
scan scheme
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respectively. Whereas, the size distribution of Co NPs
synthesized in water was centered at 90 nm. It is impor-
tant to analyze the processes that determine the mor-
phology of synthesized NPs to control the mean diam-
eter and size distribution of the resulting particles by
changing the solvent and pulse energy. Particularly, the
sizes of Ti and Co NPs synthesized in water were larger
than those prepared in toluene and EG. The surface
shape of spherical Ti and Co NPs in water was smooth.
Water is a highly polar liquid, and the presence of
oxygen leads to formation of the oxides of Ti and Co
NPs during laser ablation.

Laser ablation is very efficient in preparation of the
NPs and strongly influencing the SPRs compared to the
chemical methods of NP formation. One should take
into account the high oxidization of NPs when treating
the role of solvent, because oxide shell changes the
effects of plasmon resonance formation. Such oxide
shells are difficult to be destroyed, so small core-shell
NPs appear to be stable enough (Simakin et al. 2007).
Additionally, the decrease of geometrical cross-section
due to fragmentation results in decrease of equilibrium
temperature. On the other hand, the melting temperature

for smaller NPs is lower than that of the bulk targets
(Castro et al. 1990;Wautelet et al. 2000, 2003; Vall et al.
2001) and is shape-dependent (Wautelet 1998), so the
fragmentation or aggregation of such particles continues
during further irradiation of NP-containing suspensions.

Optical limiting in NP suspensions

OL of propagating radiation by metal NPs is attractive
due to various applications. Previously, considerable
efforts have been focused on investigation of the rela-
tionship between the OL and nonlinear optical proper-
ties of NPs as well as their sizes and shapes. In the
following sections, we will show that in the case of
nanosecond and femtosecond probe pulses, the Ti and
Co NPs can exhibit intensity-dependent transformation
from saturable absorption (SA) to RSA. Thus, such NPs
may demonstrate strong OL properties in the case of
both relatively long and short laser pulses.

In our studies, OL was analyzed using the 800 nm,
60 fs pulses propagating through the suspensions con-
taining Ti and Co NPs in water. Below, we present the
OL data for Co NP suspension, while similar behavior

Fig. 2 UV-visible absorption spectra of Ti (a–c) and Co (d–f) NP suspensions ablated in water, toluene, and ethylene glycol solutions
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was observed for Ti NP suspension as well. The Co NP
suspension was placed close to the focal plane of 400-
mm focal length lens.We gradually increased the energy
of 800-nm pulses and measured the output radiation,
which propagated through the 2-mm-thick cell

containing the NP suspension. The linear dependence
between input and output pulses was maintained up to
the input pulse energy of ~ 0.08 μJ (Fig. 5a, filled
triangles). The corresponding laser intensity at which
OL started to play important role was 3 × 1010 W cm−2.

Fig. 3 SEM images of Ti (a–c) and Co (d–f) nanoparticles ablated in deionized water, toluene, and ethylene glycol solutions
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Further grow of input pulse energy led to the OL of the
energy of propagated laser radiation.

The output energy was stabilized at 0.15 μJ. This
process was maintained up to the input energy of 1.8 μJ,
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
Eoutput ~ 0.35 μJ of output radiation (Fig. 5a, empty
circles). At these conditions, the coefficient of OL-
induced suppression of propagating radiation was mea-
sured to be ~ 2.2. Further growth of input energy (i.e.,
above Einput = 0.4 μJ) in pure water led to white light

Fig. 4 Histograms of size distribution of the Ti (a–c) and Co (b–d) NPs synthesized during ablation in deionized water, toluene, and
ethylene glycol solutions

Fig. 5 a Optical limiting in Co NPs suspended in water. Filled
triangles correspond to Co NPs, and empty circles correspond to
pure water. b Different behavior of Ti (empty squares) and Co

(filled triangles) NPs at relatively small pulse energies during OL
studies. Solid and dotted lines correspond to linear transmittance
(LT) for water and Co NPs in water
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generation and declination of Einput/Eoutput ratio from the
linear dependence. Nevertheless, at the highest input
energy used (Einput ≈ 1.85 μJ), the ~ 3.7-fold suppres-
sion of output pulses was achieved in Co NP suspension
compared to pure water.

Meanwhile, considering similar process in Ti NPs
suspended in water, we observed an increase of trans-
mittance at the initial stages of this Eoutput (Einput) de-
pendence (Fig. 5b, empty squares). This process was
attributed to the SA, which with further growth of pulse
energy was transformed to the RSA. Then, the latter
process became responsible for OL in this NP
suspension.

To analyze the nonlinear optical processes responsi-
ble for OL, we carried out the systematic studies of these
suspensions and determined their γ and β.

Z-scans of samples

The optical nonlinearities of ablated Ti and Co NPs in
different liquids were studied using the Z-scan tech-
nique at 800 and 400 nm. It is seen from the absorption
spectra shown in Fig. 2 that the 800-nm radiation is non-
resonant with regard to some possible SPRs of these
NPs since there are no absorption peaks in the vicinity of
this wavelength. Meanwhile, at 400 nm, all these NPs
possess some absorption that can be attributed to some
extent to their SPRs.

In the case of OA Z-scan, the normalized transmit-
tance caused by influence of 2PA and RSA is described
by Eq. (1) (Sheik-bahae et al. 1989). The case of SA is
represented by Eq. (2) (Chapple et al. 1997).

T2PA ¼ 1−
q

2√2
ð1Þ

TTPAz ¼ 1 TSA zð Þ ¼ 1þ Io
I sat x2 þ 1ð Þ ð2Þ

Here, q = βI0Leff/(1 + z2/z0
2), x = z/z0, zo = k(w0)

2/2 is
the Rayleigh length, k = 2π/λ is the wave number, I0 is
the peak intensity in the focal plane, Leff = [1-exp
(−α0L)]/α0 is the effective length of the medium, w0 is
the beam waist radius at the 1/e2 level of intensity
distribution, α0 is the linear absorption coefficient, L is
the thickness of our samples, and Isat is the saturated
intensity of the medium. In the case of CA Z-scan, the
normalized transmittance of nonlinear refraction and
absorption (NRA) as well as the combination of

nonlinear refraction (NR) and SA is given by Eqs. (3)
and (4) (X. Liu et al. 2001)

TNRA zð Þ ¼ 1þ 2 −ρx2 þ 2x−3ρð Þ
x2 þ 1ð Þ x2 þ 9ð Þ Δ∅o ð3Þ

TNRþSA zð Þ ¼ 1þ 4x
x2 þ 1ð Þ x2 þ 9ð Þ Δ∅o

þ Io
I sat x2 þ 1ð Þ ð4Þ

Here, ρ = β/2kγ and ΔФ0 = kγI0Leff are the phase
change due to nonlinear refraction. The nonlinear opti-
cal parameters of our suspensions were calculated by
fitting the Eqs. (1)–(4) with the experimental data. The
error bars (± 5%) of the OA and CA measurements of
NP suspensions were the same during the whole set of
our experiments. The error bars for determination of the
absolute values of nonlinear absorption and refraction
coefficients were estimated to be ± 25% due to uncer-
tainty in the measurements of the intensity of laser
pulses in the focal plane.

Nonlinear optical properties of Ti NPs

Figure 6 shows the Z-scans of Ti NPs measured using
800 nm, 60 fs pulses, as well as the solid curves corre-
sponding to theoretical fits of experimental data.
Figure 6a–c and d–f shows the OA and CA Z-scan data
corresponding to the Ti NPs in water, toluene, and EG,
respectively. Similarly, Fig. 7 presents the Z-scans and
theoretical fits in the case of 400 nm, 60 fs probe pulses.
The nonlinear optical parameters of Ti NPs at 800 and
400 nm calculated using the Eqs. (1)–(4) are comprised
in Table 1. At the 800-nm probe wavelength, the Ti NPs
in both water and toluene solutions showed the SA (β =
−2.1 × 10−11 and β = −2.3 × 10−11 cmW−1, respectively;
Figs. 6a, b). In the case of CA, the combined processes
of NR and SAwere observed in these suspensions that
were manifested by larger peaks compared with preced-
ing valleys (Fig. 6d, e). Meanwhile, the influence of SA
in Ti NPs in the case of ablation in EG was diminished
due to high positive nonlinear absorption of pure solvent
(Fig. 6c, f). The negative nonlinear absorption attributed
to Ti NPs was smaller compared to the positive nonlin-
ear absorption attributed to EG.
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Overall, the Ti NPs suspended in EG showed the
positive nonlinear absorption in the OA scheme. The
corresponding nonlinear absorption coefficient in this

suspension was β = 7.2 × 10−12 cm W−1. In the case of
CA scheme, the Ti NPs in EG demonstrated pure self-
focusing (γ= 1.2 × 10−15 cm2 W−1, Fig. 6f), whereas in
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Fig. 6 OA (a–c) and CA (d–f) Z-scans of Ti NPs in different liquids measured using 800-nm radiation. The probe pulse intensities for each
of these measurements are presented in Table 1

Fig. 7 OA (a–c) and CA (d–f) Z-scans of Ti NP suspensions obtained using 400-nm radiation. I0 = 1.5 × 10
10 W cm−2
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water and toluene solutions, these particles showed the
NR + SA processes (γ= 5 × 10−16 cm2W−1, Isat = 3.9 ×
1011 W cm−2, and γ= 4.9 × 10−16 cm2 W−1, Isat = 3.8 ×
1011 W cm−2, respectively). These OA Z-scans demon-
strated that the Ti NPs possess SA at 800 nm in the case
of 60 fs probe pulses. The values of nonlinear refraction
and absorption coefficients of Ti NPs in water were
slightly higher compared to Ti NPs in toluene. These
studies showed that at relatively small intensities (7 ×
1010 W cm−2), SA is the prevailing process of nonlinear
absorption that confirms the behavior of OL curve for Ti
NP suspension at small pulse energies (Fig. 6b). Then,
with the growth of laser intensity, i.e., at I0 >
1011 W cm−2, SA process became replaced by RSA
leading to OL in this suspension.

In the case of 400-nm probe pulses, the Ti NPs in
three solvents showed stronger nonlinear absorption and
refraction compared to 800-nm pulses (Fig. 7) due to the
closeness of probe pulses to the SPR of Ti NPs. Ti NPs
in water demonstrated the largest nonlinear absorption
at λ = 400 nm compared to the other two solvents (com-
pare the data for β, Fig. 7a–c). Both 2PA and RSA could
be responsible for positive nonlinear absorption in these
conditions. The nonlinear optical characteristics com-
prised in Table 1 show that the values of nonlinear
absorption coefficients for the Ti NPs in these solvents
followed the relation βwater > βEG > βtoluene at λ =
400 nm. In the meantime, the nonlinear refraction indi-
ces of Ti NPs suspensions did not follow this rule and
were roughly equal to each other (Fig. 7d–f).

Previously, 2PA, SA, and RSA in nanostructured Ni–
Ti alloys were investigated at 532 and 1064 nm using
nanosecond pulses (Karali et al. 2005). The

dependences of nonlinear absorption on the intensities
of laser pulses and sizes of Ni-Ti nanostructures were
analyzed. We also measured the normalized variation of
transmitted radiation in the case of the Ti NPs suspended
in water using 355 nm, 5 ns probe pulses. At small
energies (E = 21 μJ), only the SA occurred in the aque-
ous suspension containing Ti NPs (Fig. 8, empty trian-
gles). The growth of pulse energy (E = 54 μJ) led to the
change of the sign and magnitude of nonlinear absorp-
tion of this suspension in the vicinity of the focal plane
(Fig. 7, filled triangles). Further growth of the energy of
355-nm pulses (E > 0.1 mJ) led to entire disappearance
of SA overpassed by RSA.

The nonlinear absorption at λ = 355 nm in the cases
including SA and RSA can be analyzed by the relation
α(I) = α0 × 1/(1 + I/Isat) + β × I = αSA + αRSA for
intensity-dependent absorption coefficient (Lee et al.
2009). Here, I is the intensity of laser pulse variable
along the z-axis. The nonlinear absorption coefficient
consists of two parts: one related with saturable absorp-
tion (αSA) and another related with reverse saturable
absorption (αRSA). Using this model, one can find the
saturation intensity (Isat = 2 × 108W cm−2) for the Ti NP
aqueous suspension studied in the case of nanosecond
UV pulses (5 ns, 355 nm).

The nonlinear absorption coefficient of this suspen-
sion associated with RSA was calculated to be βRSA =
3.8 × 10−8 cm W−1 (at λ = 355 nm), while the negative
nonlinear absorption associated with SAwas calculated
to be βSA = −9 × 10−9 cmW−1. The RSA in the medium
requires the fulfillment of the following basic criteria:
firstly, the material should have an excited-state absorp-
tion cross-section larger than the ground-state

Table 1 Nonlinear processes and parameters of Ti NP suspensions calculated using 800 and 400 nm, 60 fs radiation

NPs suspension Nonlinear process in
the case of

I0 (W cm−2) × 1010 γ (cm2 W−1) × 10−16 CA β (cm W−1) × 10−11 Isat (W cm−2) × 1011

OA CA OA OA CA

Measurements using 800-nm radiation

Ti: water SA NR + SA 7.9 5 − 2.1 3.5 3.9

Ti: toluene SA NR + SA 6.6 4.9 − 2.3 3.3 3.8

Ti: EG 2PA NRA 10 12 0.72

Measurements using 400-nm radiation

Ti: water RSA NRA 1.6 22 28

Ti: toluene RSA NRA 1.6 32 7.8

Ti: EG RSA NRA 1.6 26 8.8
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absorption cross-section, and secondly, the lifetime of
the excited state must be long enough. Probably, Ti NPs
satisfy the criteria which allow observation of such
variations of normalized transmittance using relatively
long laser pulses.

SA has been observed previously in various media
(glasses doped with semiconductor nanoparticles, dyes,
thin polythiophene films, etc.) using long laser pulses in
the IR, visible, and UV ranges. We observed this pro-
cess at two wavelengths and different pulse durations
(800 nm, 60 fs and 355 nm, 5 ns) in the case of
suspension containing Ti NPs. The appearance of
SA in these studies is attributed to bleaching of the
ground state at moderate intensities. The dependence
of the normalized transmittance in that case may be
represented in the form of Eqs. (2) and (1) with
negative β. The parameter β of Ti NPs in water in
that case is equal to the ratio of the linear absorbance
to the saturation intensity (β = −α/Isat).

Nonlinear optical properties of Co NPs

Figures 9 and 10 show the OA and CA Z-scans of the
Co NPs ablated in water, toluene, and EG in the case of
probe 800 and 400 nm, respectively. The corresponding
nonlinear optical processes and their parameters are
comprised in Table 2. The values of 2PA absorption
coefficients of Co NPs are reasonably moderate com-
pared to nonlinear parameters of recently reported ma-
terials such as semiconductors, perovskites, and other

2D materials (Liu et al. 2017; Chelnokov et al. 2009;
Liu et al. 2018; Films et al. 2015).

In the case of OA Z-scans, the Co NPs in water,
toluene, and EG demonstrated the 2PA or RSA
(800 nm) and RSA (400 nm), whereas CA scheme
revealed the nonlinear refraction and absorption. The
values of γ and β for Co NPs in toluene (Io = 2.5 ×
1011 W cm−2) were slightly higher than those for Co
NPs in water (Io = 2.7 × 1011 W cm−2) and EG (Io =
2.2 × 1011 W cm−2). It was expected to be high values
of γ and β for Co NPs in EG due to their small size of
distribution. The nonlinear absorption studies of Co NP
suspensions showed that this process was observed at
both wavelengths (800 nm and 400 nm).

Our studies demonstrated that some nonlinear optical
parameters of NP suspensions could be dependent on
the probe pulse duration. Earlier, Amekura et al. report-
ed that Co NPs show the broad absorption peak at 4 eV
(~ 310 nm) (Amekura et al. 2004). Shukla et al. demon-
strated synthesis of the Co NPs ablated in toluene,
analyzed their optical limiting properties with nanosec-
ond laser pulses (532 nm), and revealed that Co NPs
possess strong RSA in OA scheme (Shukla et al. 2013).
In the case of CA scheme, they have shown that Co NPs
in toluene demonstrated self-defocusing. Previously,
RSA and self-defocusing were observed at 532-nm
wavelength in Co-doped polymers using picosecond
laser pulses (Ganeev et al. 2002) [31]. However, in our
case, for both wavelengths (i.e., at 800 nm and 400 nm),
the Co NPs ablated in water and toluene showed the
2PA and RSA, respectively, while demonstrating the
self-focusing process.

As it is shown in Fig. 2, the absorption peak of Co
NPs in water demonstrates the SPR at 400 nm (Fig. 2d).
These NPs have stronger linear absorption at 400 nm
compared to 800 nm. In our case, at both 800 and
400 nmwavelengths, the Co NPs in three solvents show
nonlinear refraction and absorption indicating the self-
focusing condition while using short (60 fs) pulses. The
nonlinear optical parameters of Co NPs in water have
higher values at 800 nm compared to 400 nm. However,
the smallest NPs (in the case of toluene (SPR peak at
287 nm, see Fig. 2e) and EG (SPR peak at 310 nm, see
Fig. 2f)) have strong nonlinear absorption and refraction
coefficients at resonance wavelength (400 nm). The
highest values of β (210 × 10−12 cm W−1) and γ (21 ×
10−16 cm2 W−1) are achieved for Co NPs in EG. These
measurements of the nonlinearities of the Co NPs
suspended in different liquids (which have smallest size)

Fig. 8 OA Z-scans of aqueous Ti NP suspension using two
energies of 355 nm, 5 ns pulses (21.5 μJ, empty triangles and
54.1 μJ, filled triangles). Fitted curves correspond to the SA
(dotted curve) and joint influence of SA and RSA (solid curve)
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reveal that they possess strong nonlinear refraction and
absorption at resonance wavelengths.

To best of our knowledge, previously, there are no
studies on the Ti and Co NPs in the femtosecond range

Fig. 9 OA (a–c) and CA (d–f) Z-scans (800 nm, 60 fs) of the Co NPs obtained during ablation in water (a, d), toluene (b, e), and ethylene
glycol (c, f), respectively. The corresponding nonlinear optical parameters are shown on the graphs

Fig. 10 OA (a–c) and CA (d–f) Z-scans (400 nm, 40 fs) of CoNPs in water (a, d), toluene (b, e), and ethylene glycol (c, f), respectively. The
corresponding nonlinear optical parameters are shown on the graphs
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that were reported. The aim of the present work was to
understand the nonlinear optical properties of Ti and Co
nanoparticle in suspensions. Our results have shown the
strong high nonlinear optical responses and optical lim-
iting of studied nanoparticles. These nanoparticles can
be a good candidate for the generation of higher-order
harmonics as compared to the plasmas from ablated
bulk metals. Thus, based on the nonlinear optical char-
acteristics, we can predict the possibility of efficient
harmonics generation in these nanoparticles.

Conclusions

Titanium and cobalt nanoparticles were synthesized
using laser ablation technique in different liquid solvents
(water, toluene, and ethylene glycol) using 200 ps
pulses. We systematically investigated the structural
and nonlinear optical properties of Ti and Co NPs in
these suspensions. Studies of optical limiting of suspen-
sions showed that they could be considered as the ef-
fective limiters of 800 nm, 60 fs pulses. The origin of
this process was analyzed using different experimental
conditions. The third-order nonlinear optical properties
of NPs were studied using the 60 fs pulses at two
wavelengths. Ti and Co NPs showed SA and 2PA at
800 nm and RSA at 400 nm. At 800 nm, in the case of
CA Z-scans, the joint influence of nonlinear refraction
and SA was observed for Ti NPs in water and toluene,
whereas nonlinear refraction and positive absorption
were dominated in the ethylene glycol solution contain-
ing these NPs. The Ti and Co NPs showed positive
nonlinear refraction at both 800 and 400 nm. The Ti

NPs ablated in water demonstrated the SA in the case
of 355 nm, 5 ns pulses at lower energies and RSA at
larger energies. The measurements of Z-scans and
optical limiting demonstrated that the Ti NPs have
higher nonlinear absorption and refraction coeffi-
cients as compared to Co NPs.
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