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ABSTRACT— The spatial self-phase modulation
(SSPM) method was used to study the nonlinear
optical responses of hydraulic oil containing
dispersed nanosheets of reduced graphene oxide
(rGO), hydroxylated rGO (rGO-OH), and
carboxylated rGO (rGO-COOH). The intensity-
dependent number of observed symmetric
diffraction rings was analyzed to estimate the
samples' thermally induced nonlinear refractive
indexes and lead to estimated thermo-optical
coefficients. Based on the observed symmetric
diffraction rings, the nonlinear refraction
coefficient and thermo-optical coefficient of
samples were estimated to be in the order of
magnitude of 10%® cm¥W and 10? K<,
respectively. The results indicated that the
presence of rGO derivatives significantly
enhanced the optical nonlinearity of hydraulic
oil.

KEYwoRDS: Hydraulic oil, Nonlinear optics,
Nonlinear refractive index coefficient, Spatial
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|.INTRODUCTION
The invention of the laser in 1960 led to
significant advances in various scientific fields,
mainly due to its unique properties, such as its
remarkable intensity and coherence. Using
lasers in laboratory research led to the
discovery of nonlinear optics and related
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phenomena such as second and third harmonic
generation. These developments established the
basic principles of nonlinear optics [1, 2]. Many
efforts have been made to study the effect of
high-intensity laser light on the optical
properties of various materials. The study of the
interactions of lasers with multiple materials
has led to an understanding of their nonlinear
optical properties, including changes in
refractive  index  coefficient, absorption
coefficient, and polarization state. In recent
years, nonlinear optics has become an
important research area due to its wide range of
applications in photonic devices [3,4]. The
development of numerous technologies, such as
ultrafast lasers, frequency combs, and optical
parametric amplifiers, has been significantly
assisted by nonlinear optics. Nonlinear optical
materials enable advanced lighting functions
such as all-optical switching, optical limiting,
optical diodes, etc. The demand for materials
with high nonlinear properties for many optical
devices and applications has increased rapidly.
Many researchers have worked to identify
materials with high nonlinear optical responses
due to their potential applications [5,6].
Analysis of the relationship  between
measurable macroscopic parameters and
microscopic nonlinear optical properties of
photonic materials defines the field of nonlinear
optical material characterization [7, 8].
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Different techniques such as four-wave mixing
[9, 10], Z-scan [11, 12], and Spatial Self-Phase
Modulation (SSPM) [13, 14] are almost known
as conventional methods to study nonlinear
optical behavior and measure nonlinear optical
index. SSPM is a phenomenon that occurs when
a laser beam interacts with a nonlinear medium,
causing a spatially varying phase shift in the
beam. The SSPM effect can be observed by
forming self-diffraction ring patterns in the far
field of the beam. The properties of these rings,
including their quantity, morphology, and
deformation, depend on various factors such as
the sample's spatial orientation, the laser's
intensity, and the geometric pumping
mechanism [58]. Since it is a vital technique for
determining the nonlinear optical properties of
different materials, SSPM analysis has been
observed on several materials and serves
various objectives. For instance, this method
has been used to analyze edible oils to
determine the level of adulteration [15].
Furthermore, SSPM analysis has been
employed to investigate the thermal convection
phenomenon exhibited by a polymer called
DAZA [16]. Moreover, SSPM studies have
been used to determine the modes of orbital
angular momentum using rubidium atomic
vapor [17].

The nonlinear optical properties of two-
dimensional (2D) materials, namely atomic
layers of graphene oxide (GO) [18] and black
phosphorus (BP) suspensions [19], have been
studied in detail. These studies have provided
valuable information about various material
properties, including the number of layers,
crystal orientation, presence of defects, and
chemical dynamics [20-22]. Graphene has great
potential in various areas where properties such
as high strength, thermal stability, and chemical
resistance are required. Recent studies have
focused on the nonlinear optical properties of
graphene-based materials. Many nonlinear
optical phenomena such as saturable
absorption, reverse saturable absorption, two-
photon absorption, and optical confinement
have shown promising results for these
materials, which include pure graphene,
graphene oxide, and graphene hybrids [59].
Studying the nonlinear optical properties of
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graphene and its derivatives is crucial for
evaluating its potential use in optoelectronic
devices. Many scientific works have reported
graphene’s  enhanced nonlinear  optical
properties and derivatives [23-26]. For
example, the use of graphene oxide decorated
with  carbon dots (CDs-GO)  [27],
CuzSe/reduced graphene oxide (rGO) [28],
reduced graphene oxide decorated with silver
nanoparticles (Ag NPs/rGO) [29], and
methylammonium lead  bromide-graphene
(CH3NH3PbBrs-G) composites [30] have
shown significant improvements in the
nonlinear optical response of materials. These
results indicate that graphene-based materials
have considerable potential to improve the
nonlinear optics of various photonic devices.
This makes their use in ultrafast photonics and
pulsed waveguide laser systems particularly
interesting.

Hydraulic oils are critical in lubricating
hydraulic components as they help minimize
friction, prevent contamination, reduce wear,
and prevent corrosion. Adding nanoparticles to
hydraulic oil has been found to reduce friction
and increase corrosion resistance, potentially
leading to improved machine efficiency [31-
33]. In recent years, several studies have been
devoted to investigating the nonlinear optical
properties of different types of oils, mainly
using Z-scan and SSPM methods [34-37]. The
investigation of the nonlinear characteristics of
castor oil and a water-in-oil microemulsion film
revealed a significant negative nonlinear
refractive index. This indicates that the
nonlinearity is caused by thermal effects [38-
42]. Castor oil also exhibited spatial self-phase
modulation, with the minimum power required
to induce this effect decreasing with increasing
sample length and laser wavelength near the
absorption region of the medium. The presence
of gold nanoparticles in castor oil increases the
nonlinear refractive index, especially near the
plasmon resonance of the nanoparticles. The
observed slow time response of nonlinearity
suggests that thermal effects significantly
influence. The phenomenon of optical
nonlinearity in a water-in-oil microemulsion
film was observed and studied using self-phase
modulation [43-46]. The influence of the
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composition of the microemulsion using oils
with different dielectric constants on the
nonlinear optical properties of Alizarin Red S
and was investigated. It was found that the
dielectric constants of the media on the second
and third order nonlinearities have a significant
effect on the NLO response [47]. The effect of
different nanometer-sized droplets on the
improvement of the nonlinear optical properties
of an aqueous solution was also investigated in
detail [48-50]. In this study, we investigate the
influence of graphene oxide derivatives on the
nonlinear optical response of hydraulic oil by
using various functionalized reduced graphene
oxide nanoparticles which include reduced
graphene oxide (rGO), hydroxylated reduced
graphene oxide (rGO-OH), and carboxylated
reduced graphene oxide (rGO-COOH). For this
purpose, the thermally induced nonlinear
refractive index (n,) and the estimate of the
thermo-optical ~ coefficients (dn/dT) for
different samples were measured using a 532
nm continuous wave laser. The experimental
observations show the significant influence of
graphene nanoparticles on the nonlinear optical
behavior of utilized hydraulic oil. The study
used the popular SSPM method, known for its
simplicity and accuracy in studying nonlinear
media’s nonlinear responses.

1. EXPERIMENTAL AND METHODS
Self-phase modulation is a nonlinear optical
phenomenon in which the intensity of a
Gaussian laser beam causes changes in the
refractive index of the optical material through
which it travels. This effect induces various
nonlinear optical phenomena that result in a
non-uniform radial phase shift within the
material. Consequently, this radial phase shift
leads to spatial changes in the refractive index,
forming concentric rings in the far field. Due to
the even or odd nonlinear phase difference,
these rings arise from constructive (bright
rings) and destructive (dark rings) interference.
Analyzing the aforementioned concentric ring
patterns provides insights into the nonlinear
optical properties of the samples.

According to previous studies, the emergence
of SSPM phenomena is believed to be
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influenced by a variety of factors, including
molecular reorientation [51, 52], third-order
susceptibility effects [13, 53], and thermo-
optical effects [50-54]. When SSPM arises
from nonlinear media's electronic or molecular
orientation, it is related to the real part of the
third-order electronic susceptibility [55]. It is
known that using a continuous wave laser does
not provide enough time for the system to relax
thermally. Therefore, the observed diffraction
ring pattern cannot be attributed to the
nanomaterial’s intrinsic electronic nonlinear
optical effect in the solvent. As described in
[56], When SSPM is caused by thermal effects,
the relationship between the nonlinear optical
refractive  index, n2 and third-order
susceptibility, #* is often incorrect.

Nanomaterials play a role here by absorbing
laser light and converting it into heat in the
sample. Due to the intensity of the laser beam,
this process leads to localized heating and
thermal effects in the medium. The nonlinear
optical refractive index changes significantly in
optical materials with a high thermo-optical
coefficient [57, 58]. The relative phase shift
A¢(r) of a cylindrically symmetric Gaussian
beam propagating in a liquid sample is
approximated by[59]:

2

Ag(r)=An exp(—%} kL = A¢(0)exp[—2—f)

1)

where AnkL.¢r = A¢(0), An is the average
on-axis refractive index change, k is the wave
vector, Less is the sample's effective length, a is
the constant that gives the spread of phase shift,
and A¢(0) is the corresponding phase shift.
The following equation shows the correlation
between the number of observable rings, N and
the phase shift of A¢(0) [60]:

A $(0) = 21N )

In other words, the correlation between An
attributed to thermal effects (An;;) and incident
on-axis laser intensity, 1(0), may be expressed
as follows [54]:
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Ang, = nypl 0) (3)

where mn,,., is the effective nonlinear
coefficient and the subscript "th" refers to its
thermal origin. Thus, by using Eq. (2) and the
relationship between the number of concentric
rings and the incident beam intensity, 1(0), we
can derive an estimation for the n, ., based on
the nonlinear phase shifts, which are expressed
as:

Ap(0)=AngKLy, =n, 1 (0)kLy =27N  (4)

As a result, the nonlinear refractive index nj
is given by [54, 58]:

AN
Math = -7 ()

As mentioned, the variable N represents the

number of SSPM fringes and A denotes the

wavelength of the laser used in the experiment.
Pav

Also, I = fmz represents the intensity of the
0

laser beam. The intensity is calculated based on
the beam waist (in our work w, was 110 um) of
the laser at the focal point. Assuming a
reasonably collimated beam passing through
the sample and a nearly constant transversal
area within the cuvette length, Ler, can be
determined by the linear absorption, a, of the
samples and the length of the sample’s cuvette,
L, [54]:

_ (1memot)

Lerr = T (6)

Furthermore, for thermal nonlinearity, the
change in the on-axis nonlinear index is
expressed by[59]:

~ Inlagwd )

Anth = 0T 4k

where, xis the thermal conductivity constant of
the samples and dn/adT is the thermo-optical
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coefficient. From Eq. (5), the value of Z—’; can be
estimated using the following equation [54, 58]:

on 4K
3T — gz N2th (8)

Laser {532 nmj)

Apperture Lens Sample Patiern

Fig. 1. SSPM experimental setup for studying
nonlinear optical response.

Figure 1 depicts the experimental setup used to
observe the SSPM. Our experiment used a
continuous-wave (CW) laser with a wavelength
of 532 nm. A converging lens with a focal
length of 15 cm was also used to focus the
incident beam onto the samples inside a 1 cm
quartz cuvette. A Canon camera (X50) captured
images during the experiment. The
nanoparticles used in this study were obtained
from “Nano Sanjesh” Company-Iran, while the
hydraulic oil was provided by “Behran Oil”
Company-lran.  The  dispersion  process
involved ultrasonic mixing the nanoparticles
with the hydraulic oil for two hours, at
concentrations of 40, 160, and 440 wg/cc.

Hyd.Oil
Hyd.OilrGO-COOH

Hyd.OilrGO-OH ¥
Tyd.OilrGO

S

(ohv)2 (e eV
=

Absorbance (a.u.)

0.0 . . . . T ; ; -
300 400 500 600 700 300

Wavelength (nm)
Fig. 2. Absorbance spectrum of hydraulic oil alone
and with 440 pg/cc concentration of rGO, rGO-OH,
and rGO-COOH nanosheets. The inset figure shows
the derived Tauc diagram.
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Fig. 3. SSPM diffraction ring patterns of hydraulic oil containing: (a) rGO, (b) rGO-OH, and (c) rGO-COOH in 40,

160, and 440 pg/cc concentration.
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I11.RESULTS AND DISCUSSION

The UV-Vis spectra of pure hydraulic oil and
graphene oxide derivatives such as rGO, rGO-
OH, and rGO-COOH in hydraulic oil at the
maximum produced concentration of 440
ug/cc are shown in Fig. 2. As already
mentioned, the thermally induced nonlinear
optical behavior is directly related to the
absorption properties of the medium at the
excitation wavelength. Remarkably, no SSPM
fringes were observed, attributable to the low
absorption coefficient of pure hydraulic oil at
the wavelength of 532 nm. Also, samples with
a higher linear absorption coefficient absorb
more light at a given wavelength and
experience more substantial thermal effects.
The Tauc diagram in Fig. 2 shows that the band
gap energy values of Eq=2.7 eV for different
graphene oxide derivatives in hydraulic oil with
the same concentration are very close to each
other. This confirms that the observed
diffraction ring pattern cannot be attributed to
the intrinsic electronic nonlinear optical effect
of the nanomaterial in the solvent.

As shown in Fig. 2, the sample of rGO in
Hydraulic Oil with the concentration of 440
ug/cc had a higher absorption coefficient (0.64
cm?) than rGO-OH and rGO-COOH in the
region of interest at 532 nm. Due to the higher
absorption coefficient of the sample containing
rGO nanoparticles, the thermal effects of the
medium are stronger, and this sample was
expected to have a more extensive thermally
induced nonlinear refractive index than rGO-
OH and rGO-COOH in hydraulic oil samples.
Consequently, the number of apparent SSPM
ring patterns for rGO, rGO-OH, and rGO-
COOH differs in hydraulic oil samples with the
same beam intensity.

Figures 3(a) to 3(c) show the observed SSPM
ring patterns for rGO, rGO-OH, and rGO-
COOH in hydraulic oil samples at different
concentrations by varying the incident beam
power. As shown in Fig. 3, the number of
observed rings increased as the power was
increased. For the samples with the higher
concentration of nanoparticles, the growth of
ring formation was higher than for the samples

126

Vol. ?, No. ?, ??7??, 20??

with lower concentration. Their absorption
coefficients were also relatively low at the laser
wavelength used. This indicates that the
thermally induced effect is dominant in forming
SSPM rings for all samples. The number of ring
patterns generated increased linearly with the
intensity of the laser beam. As a result, the
value of n, ., for each sample can be estimated
for calculation using Eq. (5).
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Fig. 4. Number of rings as a function of incident
intensity for 40, 160, 440 ug/cc concentration of: (a)
rGO, (b) rGO-OH, and (c) rGO-COOH nanosheets
in hydraulic oil.
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Fig. 5. (a) Nonlinear refractive index & thermo-
optical coefficient, (b) Threshold intensity.

Figures 4(a) to 4(c) show the observed ring
number (N) versus the beam intensity (I) for all
samples. The dots represent experimental data
with error bars, while the solid lines represent
linear fits. Based on the experimental data, the
value of the thermally induced nonlinear
refractive index was estimated for all samples.
Table 1 shows all samples' measured values and
n, ¢ Values that agree with the expected values
for thermally induced NLO parameters [55].
Using the same approach described in [54],
[57], the error in calculating n,., was
considered as the error of N/I together with the
error in calculating Lefr, which corresponds to
the error of the absorption coefficient. We
chose a tolerance of 5% in estimating the
absorption coefficient for each sample at 532
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nm based on the technical specifications of the
spectrometer used to evaluate the thermo-
optical coefficient of the samples in this work,
it is necessary to know the thermal conductivity
(x) for each sample of rGO, rGO-OH, and rGO-
COOH in hydraulic oil separately. Since the
exact value for each sample with different
concentrations was not available, we fixed the
thermal conductivity of hydraulic oil
(x=0.15 W/mK) reported in [60] to evaluate the
variation of the thermo-optical coefficient of all
samples at different concentration. As
expected, in Fig. 5(a), the variation of the
thermo-optical coefficient follows the variation
of n,., estimated for the samples. The
measured values of the thermo-optical
coefficient of the samples are listed in Table 1.
It was found that the nonlinear refractive index
values for different samples did not correlate
with the band gap energy calculated for
different graphene oxide derivatives in
hydraulic oil and their intrinsic third-order
susceptibility factor, 3. This confirms that the
observed nonlinear optical behavior in our
samples was caused by thermal effects.

In our experiment, we found that each sample
had a specific threshold intensity (Itrs), which
reflects the minimum intensity required to
detect the first SSPM ring. An increase in the
concentration of rGO, rGO-OH, and rGO-
COOH in the samples decreased the threshold
power, leading to an enhanced nonlinear optical
response. Figure 5(b) illustrates the correlation
between the threshold intensity and the quantity
of rGO nanoparticle derivatives in the hydraulic
samples. The measured values of the nonlinear
optical parameters are provided in Table 1.
Consistent with our SSPM results, these values
are correlated with the concentration of rGO
nanoparticle derivatives in hydraulic samples,
indicating that a higher concentration of rGO
nanoparticles results in increased optical
nonlinearity. Furthermore, the variation of n, ¢y,
and dn/aT in different concentrations suggests
that thermal is the dominant effect in the studied
SSPM phenomenon.
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Table 1. Measured nonlinear optical parameters of samples.

sample Conc. a0 Left N2/| nZ,th;< 107 | dn/dTx1072
(Mg/cc) (cm™) (cm) (cm</W) (cm*</W) (1/K)

40 | 042+002|082+004| 0010+0.002 | 0.68+0.07 | 0.86 +0.19

Hyd.Oil + rGO 160 | 0.51+0.03 | 0.78+ 004 | 0.014+0004 | 0.97+0.07 | 1.02 +0.30

440 | 064+003|074+003| 0025+0.004 | 1.77+008 | 1.49 +0.30

40 | 034+002 | 0.85+0.04 | 0.007+0.0005 | 0.41+0.06 | 0.67 +0.17

Hyd.Oil + rGO- 160 | 0.43+0.02 | 0.81+0.04 | 0.011+0.0007 | 0.68+0.07 | 0.85+0.19
OH

440 | 059+003 | 0.76+0.04 | 0.014+0.009 | 1.01+007 | 0.93+0.19

_ 40 | 028+001 | 0.87+0.04 | 0.003+0.0007 | 0.15+006 | 0.29+0.13

gé%?_'" + rGOo- 160 | 0.34+002 | 0.85+0.04 | 0.003+0.0009 | 0.21+0.06 | 0.33+0.12

440 | 042+002 | 081004 | 0004+0.001 | 0.28+007 | 0.36+0.11

IV.CONCLUSION
In this paper, we utilized the SSPM technique
to evaluate the nonlinear optical response of
rGO nanoparticle derivatives, including rGO,
rGO-OH, and rGO-COOH, in hydraulic oil
samples. Considering that pure hydraulic oil did
not exhibit any SSPM fringes in our
experiments, it is essential to understand the
source of SSPM in the presence of additional
nanoparticles. When a focused laser beam was
directed through samples of hydraulic oil
containing dispersed nanosheets of rGO, rGO-
OH, and rGO-COOH, it generated a distinct
diffraction ring pattern in the far field known as
the SSPM diffraction ring pattern. The primary
scientific question is whether the phenomenon
is caused by the intrinsic nonlinear refractive
index of nanosheets or by the thermal effect of
laser power. The absence of the SSPM pattern
beyond the absorption band and diffraction
patterns suggests that the observed change in
refractive index is mainly due to thermal
mechanisms. Based on our investigations, it is
evident that the thermal effect has a significant
influence on the interaction between intense
light and samples. When a continuous wave
laser is focused on a material, the absorbed
energy of molecules and nanosheet particles
causes the samples to heat up. Thermal
conductivity enables the transfer of heat from
the heated region to the surrounding areas,
resulting in a non-local thermal effect. Our
findings indicate that rGO/Hydraulic oil
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exhibits a higher nonlinear optical response
compared to rGO-OH/Hydraulic oil and rGO-
COOH/Hydraulic oil at the given wavelength,
with nonlinear refraction indexes and thermo-
optical ~ coefficients at  approximately
10° cm?/W and 102 K. respectively. The
presence of derivatives of rGO significantly
enhances the optical nonlinearity of hydraulic
oil. The results of this study could provide new
opportunities for advancing nonlinear optical
applications, and they might open up new
possibilities for the use of these materials in
designing all-optical devices.
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