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Nonlinear optical measurements was carried out using a continuous
Keyword: laser at a wavelength of 532 nm for open and closed apertures. The
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optical properties optical divergence phenomena takes place in this measurement and

also the measured values show that nickle nanoparticles solution can
be a good choice for various optical applications and optical
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EXTENDED ABSTRACT

Introduction

In the past few decades, nanoscience and technology have flourished widely and have
received special attention from researchers, such that governments and industries have
steadily increased investment in nanotechnology. Nanoparticles have unique properties
such as size, distribution, and increased surface area to volume ratio, which lead to
important physical properties and subsequently have wide applications in human daily
life [1]. Metal nanoparticles are used in catalysts, magnets [2], microelectronics,
optoelectronics, fuel cells, battery electrodes, and other fields [3] because they have
unique properties compared to bulk materials due to their unique quantum effects [4].
Meanwhile, nickel nanoparticles have become a widely researched material among
various nanoparticles due to their numerous applications, including in the fields of
catalysis, magnetic applications, and also in biomedical fields [5]. In addition, the prospect
of using nickel nanoparticles for miniature laser emitters, light modulators,
photosensitive materials, protective and thermally regulated coatings, high-speed optical
devices, and highly sensitive optical sensors has received special attention [6, 7]. Various
methods have been used to prepare nickel nanoparticles, including solid phase thermal
decomposition [8], laser ablation [9], pyrolysis [10], ball milling [11], electrodeposition
[12], radiolytic reduction, sonochemical method, sol-gel [13], and microwave ignition and
thermal solution methods [14].

The response of a material to a high intensity electromagnetic field (such as a laser
beam) can be described by nonlinear optical properties. At low intensities, the response
of a material to electromagnetic fields, such as the refractive index and absorption
coefficient, is linear. However, at high intensities, these coefficients depend on the light
intensity, leading to phenomena such as nonlinear absorption or two-photon absorption
and nonlinear refraction. Nonlinear refraction can be positive (self-focusing) or negative
(self-defocusing), which is the basis for the operation of light beam control devices. To
design such devices, it is necessary to optimize the refractive index and nonlinear
absorption coefficient. For accurate measurement of these parameters, especially the
nonlinear refractive index of the material, the use of Z-scan method is a useful and
valuable simple and powerful technique for materials. By using the Z-scan method, the
magnitude and sign of these widely used nonlinear coefficients can be determined
simultaneously.

Ionic reduction is a valuable synthesis method in which the prepared nanoparticles
are homogeneous and monodisperse. Since it is a bottom-up approach, it provides the
ability to engineer nanostructures. lonic reduction requires essentially simpler and
cheaper facilities compared to physical methods. Despite numerous reports on the
synthesis and specific structural properties of samples synthesized by the ionic reduction
method, systematic studies of the nonlinear properties of nickel nanoparticles, which are
important in several aspects, have been less widely studied. Therefore, the main objective
of this study is the synthesis of nickel nanoparticles by ionic reduction and a
comprehensive study of their structural properties and nonlinear optical properties. To
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achieve this goal, X-ray diffraction (XRD) and transmission electron microscopy (TEM)
techniques were used to determine the crystal structure, size, and morphology of the
particles. UV-Vis spectroscopy was used to investigate the linear absorption properties
and identify the surface plasmon resonance peak. Finally, key nonlinear optical
parameters including nonlinear refractive indices (n;) and nonlinear absorption () were
measured and analyzed using the Z-scan technique and continuous laser irradiation at a
wavelength of 532 nm. The results of this research can be a step towards better
understanding the potential of Ni-NPs for application in advanced photonic and optical
devices.

Methodology

Nickel nanoparticles were prepared using nickel chloride hexahydrate (NiCl2.6H20),
ethylene glycol (EG) and sodium borohydride (NaBH4) as the reducing agent. 0.2 g of
polyvinylpyrrolidone PVP and 20 ml of deionized water were poured into a flask and stirred
for 20 minutes. Then 0.4 g of nickel salt (1.7 mmol) was prepared in the mixture and
dissolved at 80 °C. In another flask, an appropriate amount of ethylene glycol and sodium
borohydride in 25 ml of deionized water was prepared as the ionic reducing solution. Then
the reducing solution was added dropwise to the nickel salt mixture. The mixture was
stirred until the initial blue solution, which is an ionic solution, turned dark with the
formation of nickel nanoparticles. Ethylene glycol reduction is a common process for
preparing metal nanoparticles, which requires either elevated temperature or the use of
microwave irradiation to increase the efficiency of ion-to-particle conversion [15; 16].
Unlike ethylene glycol, sodium borohydride, as a strong reducing agent, can reduce metal
ions to neutral particles at room temperature, but its drawback is that it forms irregular
particle sizes [17]. Therefore, the combination of ethylene glycol and sodium borohydride
processes can be a better reducing agent for preparing nanoparticles. The resulting dark
solution remains stable for a long time because the nickel particles are surrounded by the
polyvinyl pyrrolidone solution and are able to bind to the nickel nanoparticles. In fact, PVP
acts as a protective agent to prevent the agglomeration and precipitation of nickel
nanoparticles. In summary, the process of preparing nickel nanoparticles is shown in Figure
1.

Using X-ray diffraction measurements (D8 Advanced Bruker X-ray diffractometer) in the
range of 20 from 20 to 100 degrees, the crystal structure and size of the crystals formed in
the nickel nanoparticle solution were determined. To determine the linear absorption of the
sample, a linear spectrometer (ULTROSPEC 3100) in the wavelength range of 240 to 550 nm
was used. To determine the nonlinear absorption and refractive index values of the nickel
nanoparticles, a single-axis scanning device was used. In this method, a continuous 532 nm
diode laser Gaussian beam and an output power of 55 mW of a 1.5 mm beam were used in
such a way that the samples moved along the focal beam propagation path by a moving
motor. When a light beam passes through a sample, changes in the material's temperature
gradient cause changes in the material's absorption and refractive indices, which can be
measured using the open and closed aperture methods, respectively. In the open aperture
method, all the rays enter the detector after passing through the sample, but in the closed
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aperture, less than 20% of the initial ray passes through the sample. In this experiment, a
converging lens with a focal length of 5 cm and a quartz glass with a length of 1 mm was
used. The linear scanning method is a sensitive and relatively accurate measurement
method for determining the nonlinear absorption and refractive index of a material, which,
in addition to the magnitude of the real and imaginary parts of the nonlinear susceptibility,
also determines the sign of these values [18-20]. The measured quantities are affected by
the effect of self-focusing, such that if the refractive index is positive and the sample is
located at the center (focus), self-focusing reduces the beam divergence and therefore
increases the detector output, and if the sample is moved to the left of the focus, it increases
the beam divergence and reduces the output [21]. In this experiment, the beam intensity at
the focal point, 2.19 x 103W /cm?, the focal parameter, 4.7 mm and the beam waist of 2.28
pum were measured.
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Figure 1. Nickel nanoparticles preparation process.

Results and Discussion

Figure 2 shows the setup of a linear scanning experiment with a single beam to measure
the refractive index and nonlinear absorption of the sample. The experiment is at room
temperature and is moved along the Z axis using an automated movable stage running the
Matal program. Figure 3 shows the absorption spectra of prepared nickel nanoparticles and
a separate solution of polyvinyl pyrrolidone. As shown in Figure 3, no specific surface
resonance is observed in the spectrum of polyvinyl pyrrolidone solution, while surface
plasmon resonance occurs in the spectrum of nickel nanoparticles at a wavelength of 266
nm. Norodin Jaji and his colleagues prepared nickel nanoparticles with a particle size of 50
nm by a thermal solvent method and reported their absorption spectrum at 265 nm [22].
Noha and his colleagues reported a surface absorption resonance for nickel nanoparticles
prepared using green synthesis and with an average crystal size of 30 nm at an absorption
wavelength of about 280 nm [23]. Other studies have also shown the absorption peak of
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nickel nanoparticles in the range of 270 nm to 350 nm in preparation methods with plant
extracts [24-26]. Depending on the size of the particles formed, the surface intensity of the
absorption spectrum can change and for smaller particles it approaches shorter
wavelengths [27; 28]. Using the data in Figure 3, the linear absorption value of the samples
at a wavelength of 532 nm was determined and used in the calculations of the nonlinear
absorption and refraction coefficients.
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Figure 2. Schematic digram of Z-scan setup
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Figure 3. UV spectrum of Ni nanoparticles in PVP
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The X-ray diffraction (XRD) spectrum of the prepared nickel nanoparticle solution in the
range of 20 to 100° with a wavelength of 0.15405 nm is shown in Figure 4. Examination of
the X-ray diffraction spectrum obtained from the nickel nanoparticle sample shows that the
five peaks of this spectrum are related to the (111), (200), (220), (311) and (222) planes at
20 angles of 44.6, 52.6, 77.6, and 100.09, respectively [29]. The synthesized nickel
nanoparticles are single-phase and fully correspond to the standard sample (47-1049). Also,
these particles have a face-centered cubic crystal structure.

Ni nanoparticles

I

40 45 50 55 60 65 70 75 BO 85 90 95
20 (degree)
Figure 4. Diffraction pattern of nickel nanoparticle solution

The average crystal size (D) of the nickel nanoparticle solution was calculated using the
X-ray diffraction pattern and XPert software using the Debye-Scherer equation (Equation
1), and the average crystal size was found to be 28 nm. In fact, the sum of the product of the
crystal size of each angle, it's weighting factor (which is proportional to the area under the
curve of that peak) over the sum of the areas of all peaks determines the average crystal
size.

D =kA/B cos O Q)
In this relation, k is the Scherrer constant with a value of 0.9, A the radiation wavelength, 6
the scattering angle, and [3 the width at half maximum intensity, expressed in radians. The

information obtained from XRD is shown in Table 1.
Table 1. Obtained data from XRD

intensity (a.u.)

20(degree) h K | FWMH D(nm) Area(cts*20)
45.24 1 1 1 0.536 18.8 4345.4

52.67 2 0 0 0.220 35.2 1036.4

77.66 2 2 0 0.378 30.2 1376

94.49 3 1 1 0.183 45.6 956.9

100.09 2 2 2 0.191 80.6 270

The last column of the table corresponds to the area under the curve of each XRD
spectrum peak and is used to calculate the average crystal size.
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Figure 5 shows the image of the prepared nickel nanoparticles, which actually shows
how the particle shape and size distribution is. Also, the measurement performed agrees
with the XRD measurement results. The formed nanoparticles are almost dispersed and
have a spherical shape and an average size of 32 nm. The particle dispersion coefficient is
the ratio of the standard deviation to the average particle size, which was determined
according to the histogram data in figure 0.21. The obtained value shows that the particles
are dispersed and the PVP polymer has worked well and prevented the adhesion of the
nanoparticles.

Number of Particles

0 10 20 30 40 50 60 70
Particle Size (nm)

Figure 5. a) Image of the shape and distribution of nickel nanoparticles in PVP solution using a TEM
device b) Histogram and Gaussian distribution of nanoparticles

The mechanism of nonlinear thermal effects is based on thermal-optical effects. When
laser light is radiated on a substance with sufficient intensity, a temperature gradient is
created by the absorption of light, which is related to non-radiative effects on the excited
atoms. This temperature gradient is a function of the radial narrowness of the light, which
causes a variable breakdown coefficient (dn/dT) depending on the narrowness of the light
to be created in the material. Depending on the type of material, a convergence or
divergence proportional to the changes in the refractive index at which the laser is created
(Ienticular effect). The measured quantities are affected by the autofocus effect, so that if the
failure coefficient is positive and the sample is placed in the center, the autofocus reduces
the narrow divergence and therefore increases the output in the sample direction. Moving
the center left increases the narrow divergence and decreases the output. In general, when
a material is exposed to strong radiation, the overall failure coefficient of the material can
increase or decrease compared to its linear failure coefficient (at low intensities). The
nonlinear absorption effect is also derived from the imaginary part of the third-order
electrical absorption of matter, such that by absorbing two or more photons
simultaneously, the atom is excited from one state (usually the ground state) to a higher-
energy electronic state. The energy difference between two molecular planes is equal to the
energy of two or more absorbed photons. The magnitude of the nonlinear absorption (two-
photon absorption) is several times smaller than the linear absorption.

The graph of changes in the relative intensity of light passing through the closed and
open shutters of the uniaxial scanning device, based on displacement, for a sample of nickel
nanoparticles in PVP solution is shown in Figures 6 and 7. Figure 6 shows the experimental
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data plot of a closed-aperFture mode for obtaining transmittance curve versus
displacement changes for nickel nanoparticle solution. The circular dots correspond to the
experimental measurement data and the solid line is the theoretical relationship of the
nonlinear refractive index with displacement changes. The nonlinear refractive index can
be calculated using the following refractive index formula, where s is the percentage of
linear transmission of the pore [30].

AT,
DoV
n, = 2
27 0.406(1-5)925kLe sl 2

where AT, _,, is the peak-to-valley distance of the transmitted intensity, k is the waFve

number, Lgr = (1 — e~ ) /a is the effective thickness of the sample, and I, is the light
intensity at the focal length. at is the linear absorption coefficient of the sample, which in this
experiment, using the absorption spectrum data in Figure 3, the absorption coefficient at a
wavelength of 532 nm was obtained as 0.17. The experimental data of Equation 2 for the
nonlinear refractive index are reported in Table 2.
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Figure 6. Closed-aperture curve of nickel nanoparticle solution
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Figure 6. Open-aperture curve of nickel nanoparticle solution
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Figure 7 shows the experimental data plot of open-aperture mode of the prepared nickel
nanoparticle solution. The nonlinear absorption coefficient B can be obtained by
superimposing the experimental data plot of the open aperture mode with equation (3) for
this mode, as follows [21].

[Fa0@]™
T(zss=1) =% |~q0(2)| < 1 3)
Where q,(2) = %, Zy = kw? /2 is the beam scattering length and w,, is the beam
0

waist. The values obtained from these relationships are presented in Table 2.
Table 2. Determined values of the nonlinear absorption and refractive index of nickel nanoparticle
solution

Ni nanoparticles B(ﬂ) n (ﬁ)
solution a(cm™) w 2\w
x 1074 % 10-8
theoretical fitting 017 262 958
data
Experimental data 0.17 - -9.63

As can be seen from the table, the nonlinear refractive index of the material is significant
and is relatively comparable to the results obtained for the nonlinear refractive index of gold
and silver nanoparticles solutions at different concentrations [20; 31]. The thermal
nonlinear refractive index of the material is proportional to the magnitude of the linear
absorption coefficient of the material according to Boyd's equation (equation 4) [32].

_ dn, awd
np = (dT) sy 4)

dn . L. L .
where d—: is the temperature variation of the refractive index, k.rr is thermal

conductivity and a is linear absorption coefficient. In this regard, the temperature variation
of the refractive index and the beam waist radius is almost constant and, the nonlinear
refractive index increases with the increase of the linear absorption coefficient of the sample
[33]. In this work, the surface plasmon resonance for the fabricated nickel nanoparticle
sample was carried out at a wavelength of 265 nm, and the linear absorption value of 0.75
was obtained for it. While the linear absorption coefficient at a wavelength of 532 nm is
equal to 0.17 cm™! which is several orders of magnitude smaller than the surface resonance
absorption coefficient. Therefore, the nonlinear refractive index of nickel nanoparticles for
laser irradiation with a wavelength of 532 nm is expected to have a lower value compared
tolower radiation wavelengths. The nonlinear absorption coefficient of nickel nanoparticles
(as shown in Figure 7) in this study is relatively weak, but it was measured with precise
settings, a long time, and repeated experiments. The obtained value shows that the two-
photon absorption at this radiation wavelength is low and the resulting nonlinear
absorption coefficient is relatively weak. Of course, considering the low linear absorption
coefficient of the nickel nanoparticle solution prepared in this work, the resulting value is
also expected.
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Conclusion

This study prepared nickel nanoparticles by ionic reduction method. To investigate the
structural and optical properties of this nanoparticle solution, various measurements were
performed, including X-ray diffraction pattern, UV-Vis spectroscopy, and single-axis
scanning measurements using open and closed aperture methods. The study of the X-ray
diffraction pattern obtained from the prepared nickel nanoparticle solution sample shows
that the five peaks of this spectrum, which are related to the (111), (200), (220), (311), and
(222) planes, are located at 26 angles of 44.6, 52, 76.5, 93.1, and 98.6, respectively, and are
consistent with the cubic crystal structure. The size of the crystals was calculated from the
X-ray diffraction pattern of the sample and with the help of XPert software and using the
Debye-Scherer relation. In Z-scan measurements, in the closed-aperture state diagram, first
a peak and then a valley are observed, which means that the nonlinear refractive index is
negative. Considering the linear absorption at a wavelength of 532 nm, the nonlinear
refractive index of the sample is relatively high, which can be justified by the Boyd relation.
The refractive index value is of the order of 1078, and its negative sign indicates the
occurrence of the thermal self-divergence phenomenon. The measured value shows that the
prepared nanoparticles can have an effective application in optical devices. The linear
absorption coefficient value is of the order of107%, and its positive sign indicates that the
two-photon absorption phenomenon has occurred. According to the measured values, it
seems that the nickel nanoparticle solution can have an effective application in optical
devices.
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