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a b s t r a c t
In this paper, the third-order nonlinear optical properties of nickel immobilized on acid-activated montmorillonite (MMT@Ni) and copper ferrite (CuFe2O4@Ni) nanocomposites were investigated. The mentioned
nanomaterials were synthesized and then characterized using FT-IR, SEM, EDX, XRD, VSM, and TEM analyses.
The nonlinear absorption and refractive coefﬁcients of these nickel nanocomposites were measured by Z-scan
technique through a continuous wave diode-pumped laser at 532 nm wavelength. The values of nonlinear absorption and refractive indexes of samples were obtained in order of 10−4m/w and 10−10m2/w, respectively.
In addition, the sign of nonlinear refractive index for MMT@Ni and CuFe2O4@Ni was shown to be positive and
negative, respectively. It seems that the difference in activities of nanocomposites was relevance to their structural frameworks. Nickel immobilized on acid-activated montmorillonite has layered structure and this provides
the possibility to focus the laser beams, and so self-focusing phenomenon was happened. Whereas, nickel
immobilized on copper ferrite has inverse spinel structure and this provides the possibility to diverge the laser
beams, and so self-defocusing phenomenon was taken place. The results also showed that the values of nonlinearity for solution of CuFe2O4@Ni and MMT@Ni nanoparticles were respectively increased and decreased by rising of the input intensity. In addition, we found that the support of nickel nanoparticles could change the sign of
nonlinear optical behavior.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Nanostructured materials are one of the highest proﬁle classes of
materials in science and engineering and provide the greatest potentials
for improving performance and extended capabilities of products in
aerospace, drug delivery devices, tooling, automotive, more efﬁcient
solar panels, recording, cosmetics, electric motors and refrigeration industries. So, multidisciplinary materials such as multilayer ﬁlms, atomic
clusters, nanocrystalline materials and nanocomposites have remarkable variations in electric, optic and magnetic properties. Their uniqueness is due partially to the very large percentage of atoms at interfaces
and partially to quantum conﬁnement effects [1,2].
Among nanocomposite systems, montmorillonite and spinel ferrites
are the frequently used materials for numerous applications. Montmorillonite is a very soft phyllosilicate group of minerals that known as
clay [3,4]. It is a member of the smectite group and is a 2:1 clay, meaning
that it has two tetrahedral sheets of silica sandwiching a central octahedral sheet of alumina. The particles are plate-shaped with an average diameter around 1 μm and a thickness of 9.6 nm. Chemically, it is hydrated
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sodium calcium aluminium magnesium silicate hydroxide (Na,Ca)0.33
(Al,Mg)2(Si4O10)(OH)2·nH2O. It has a cation exchange capacity due to
isomorphous substitution of Mg for Al in the central alumina plane.
Montimorillonite has been found numerous applications in research
and industrial points of view [5–10]. Spinel ferrites is also one of nanocomposite systems that have important applications in drug delivery,
electronic devices, medical diagnostics, sensor technology, ferro ﬂuids
technology and catalysts, as well as a solid support for a variety of homogeneous catalysts. Spinel ferrites have a general formula of MFe2O4
(M: Zn2+, Cu2+, Mg2+ and Ni2+) [11,12].
In another hand, materials with high nonlinear optical characteristics and fast nonlinear responses have wide applications in optical instruments technology such as optical switches and optical limiters.
Especially, if this nonlinear optics features of materials can be controlled
by an external agent. Experimental and theoretical studies showed that
the optical properties of some nonlinear materials can be changed by an
external electric ﬁeld or magnetic ﬁeld [13,14].
In particular, nickel nanoparticles show a high level of surface energy, high magnetism, low melting and burning points as well as high
surface area [15,16]. In addition, nickel is a versatile catalyst for cracking
of methane to carbon nanotubes and hydrogen, partial oxidation and
steam reforming [17]. Nickel ﬂuids with super paramagnetic ﬁne
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particles behave as Newtonian ﬂuids [17]. The literature review shows
that due to superior characteristics of nickel, studies on nonlinear optical property of nickel or its composite systems has attracted a great deal
of attentions. In this context, Jiménez-Marín et al. [18] studied a contrasting response in the photoelectrical properties of nickel oxide decorated multiwall carbon nanotubes. Several studies such as; the
investigation on third-order nonlinearity of nickel oxide nanoparticles
[19], nonlinear optical transmission of surface-modiﬁed nickel sulﬁde
nanoparticles [20], optical nonlinearity in NiFe2O4 nanoparticle [21],
nonlinear and magneto-optical transmission studies on magnetic
nanoﬂuids of non-interacting metallic nickel nanoparticles [22], nonlinear optical properties of Ni/NiO and Ni/NiCo2O4 nanocomposites [23],
nonlinear optical refraction of Al2O3 single crystal doping with nickel
nanoparticles [24] and optical dispersion, permittivity spectrum and
thermal-lensing effect in nickel-doped zinc sulﬁde nanoparticles [25]
also showed the importance of nickel nanoparticles in nonlinear optical
studies.
In line with the outlined strategies and due to lack of information to
study the inﬂuence of support framework on nonlinear optical properties of nickel nanoparticles, herein, we wish to report the nonlinear optical properties of nickel immobilized on acid-activated
montmorillonite (MMT@Ni) and copper ferrite (CuFe2O4@Ni) nanocomposites. The nonlinear absorption and refractive coefﬁcients of
these nanocomposites were calculated using Z-scan technique in hydrochloric acid with concentration of 3 × 10− 4 M. Nonlinear refractive
index, n2, of the nanoparticles could be obtained through the self-focusing and self-defocusing effects. So, it is important to measure this quantity precisely, in terms of sign and magnitude, for our practical purposes.
2. Experimental
2.1. General
All chemicals were purchased from chemical companies with the
best quality and they were used without further puriﬁcation. FT-IR spectra were recorded on Thermo Nicolet Nexus 670 spectrophotometer.
Particle size and morphology of materials were measured by using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). Montmorillonite K10 was purchased from Sigma-Aldrich
company with art No. 69866 (pH ~ 3–4, surface area: 250 m2/g). X-ray
diffraction (XRD) measurements were made on a Bruker D8-Advance
diffractometer with graphite-monochromatized Cu Kα radiation (λ =
1.54056 Å) at room temperature. Diffraction patterns were also recorded in 2θ range (10–80°). SEM images were determined on
FESEM–TESCAN MIRA3 instrument. Transmission electron microscope
(TEM) images were recorded with a Philips CM30 at electron energy
of 300 keV. Magnetic properties of the samples were determined
using a vibration sample magnetometer (VSM, Meghnatis Daghigh
Kavir Co, Kashan, Iran) under magnetic ﬁelds up to 20 kOe. The amounts
of Cu, Fe and O were measured by inductively coupled plasma-optical
emission spectrometry (ICP-OES, Varian 730-ES). Some experimental
data and spectra are also available in supporting information (SI).
2.2. Preparation of homoionic Na+-exchanged montmorillonite
In a beaker (250 mL) containing distilled water (200 mL), montmorillonite K10 (5 g) was added and the mixture was stirred vigorously at
room temperature for 20 h. The mixture was then allowed to settle and
the aqueous phase was decanted. To the obtained solid residue, an
aqueous solution of NaCl (2 M, 200 mL) was added and the mixture
was continued to stirring for 2 h at room temperature. The aqueous
phase was decanted and the solid residue was again charged with an
aqueous solution of NaCl (2 M, 200 mL). After stirring for 2 h at room
temperature, the aqueous phase was decanted. The procedure was repeated for additional 2 times. Finally, the solid residue was washed frequently with distilled water until the conductivity of the liquid ﬁltrate

reaches to the conductivity of distilled water. The solid residue was
dried at 50 °C under air atmosphere to afford homoionic Na+-exchanged montmorillonite.
2.3. Preparation of nanocomposite nickel immobilized on acid-activated
montmorillonite (MMT@Ni)
In a beaker (100 mL) containing an aqueous solution of Ni(OAc)
(0.05 M, 10 mL), acid-activated montmorillonite (0.5 g) was
added slowly and the resulting mixture was stirred vigorously at room
temperature for 6 h. The aqueous phase was then evaporated under reduced pressure. The dried Mont-Ni(OAc)2 was dispersed in ethylene
glycol (50 mL) within a double necked round-bottom ﬂask. The mixture
was stirred under reﬂux and nitrogen atmosphere for 6 h. Ethylene glycol was then removed by decantation and the solid material was
washed with MeOH to remove ethylene glycol completely. The obtained
composite material was then dried under ﬂowing of nitrogen (12 h) at
40 °C to afford nanocomposite nickel immobilized on acid-activated
montmorillonite.
2·2H2O

2.4. Preparation of CuFe2O4 MNPs [26]
In a typical synthesis, analytical grade of Cu(OAc)2·H2O, Fe(NO3)
NaOH, and NaCl were mixed in a molar ratio (1:2:8:2) and
ground together in agate mortar for 50 min. The reaction started readily
during the mixing process and was accompanied by release of heat. Via
the progress of the reaction, the mixture became mushy and underwent
gradual changes in color from blue to ﬁnally brown. The outcome mixture was washed with deionized water severally. The obtained solid
material was then dried at 80 °C for 2 h and calcinated at 300, 500,
600, 700, 800, 900 °C for 2 h to afford magnetically nanoparticles
(MNPs) of CuFe2O4.
3·9H2O,

2.5. Preparation of CuFe2O4@Ni MNPs
In a round-bottom ﬂask containing a mixture of CuFe2O4 MNPs (1 g
in 20 mL H2O), aq. NiCl2 ∙ 6H2O (1 mmol, 0.24 g in a 20 mL H2O) was
added. The mixture was stirred vigorously in an ultrasonic bath
(100 W) for 30 min. Through a separator funnel, aq. NaBH4 (0.205 g in
25 mL in H2O) was added and the resulting mixture was stirred for
30 min under nitrogen atmosphere. The black solid precipitate was collected with external magnet and then washed severally with deionized
water. Drying under air atmosphere affords magnetically nanocomposite of nickel immobilized on copper ferrite.
2.6. The Z-scan technique
Z-scan technique was presented for measuring nonlinear optical
properties of materials by Sheikh Bahaei and his colleagues in 1989
[27]. Nonlinear absorption and refraction coefﬁcients can be measured
using this technique [28]. Schematic diagram of the experimental
setup for Z-scan technique is shown in Fig. 1. In this ﬁgure, BS is a
beam splitter. A continuous wave diode-pumped laser at 532 nm wavelength and with Gaussian spatial proﬁle is focused by a convex lens (f =
10 cm). The beam radius at the focal plane is about 327μm, and the Rayleigh range that is obtained from the equation z0 = kω20/2 is 63.25 mm.
The thickness of the sample is 6.89 mm that is less than the Rayleigh
range of the beam so the medium can be considered to be thin. The sample was moved from (−z) to (+z). The fraction of diffracted intensity
was measured by photodiode 1 in the closed aperture, and photodiode
2 measured the intensity dependant absorption in the open aperture.
When a high intensity laser beam passes through a nonlinear material,
according to the intensity dependence of the coefﬁcient of refraction,
n2 = n0 + n2I [29,30], the case of n2 N 0 and n2 b 0 causes the occurrence
of the phenomena of self-focusing and self-defocusing, respectively. In
Fig. 1, for n2 N 0, when the sample is before the focal point of the lens,
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Fig. 1. Experimental setup of Z-scan technique.

the transverse section of the laser beam due to self-focusing effect is enlarged on the aperture (in the front of photodiode 1), and transmittance
of the aperture decreases. In result, we will have a valley in the transmittance of the aperture when the sample is scanned in the z b 0 zone. On
the Other hand, after the focal point of the lens, the self-focusing phenomenon causes the transverse section of the laser beam to be smaller
in the aperture and will result in the formation of a peak in the z b 0 region. With the same argument and in the case of n2 b 0, we will have a
peak in the curve of the transmittance of the aperture at z N 0 and a valley in the z b 0 zone, respectively, due to the self-defocusing
phenomenon.
Furthermore, when the sample is swept along the z axis and is
passed through the focal point of the lens, the intensity of the laser in
the cross section of the beam increases and the data recorded by photodiode 2 shows a valley or a peak in the position of z = 0. This phenomenon is due to the dependence of sample absorption coefﬁcient to the
laser intensity, α = α0 + βI [30]. As if in this relation β N 0, we will
see a valley, due to occurrence of nonlinear two photon absorption,
and in the case of β b 0, we will see a peak, due to nonlinear saturable
absorption.
The nonlinear refraction coefﬁcient was calculated by [29],
n2 ¼ Δϕ=kI 0 Leff

ð1Þ

where, k ¼ 2π
λ is the wave vector and λ is the laser wave length, I0 is the
ð1−e−αL Þ
α

intensity of the laser beam at the focus, Leff ¼
is the sample's effective length and α is the linear absorption that its values are given in
Table 1, and Δ ϕ is the nonlinear phase shift of the transmittance of
laser beam and is related to the normalized transmittance difference
of peak and valley, ΔT(P − V) by [29],
ΔT ðP−V Þ ¼ 0:406ð1−SÞ0:25 Δϕ

ð2Þ

From the best ﬁtting equation, performed on the experimental and
theoretical data of the open aperture measurement, the nonlinear absorption coefﬁcients β(m/w) can be determined. These ﬁttings can be
plotted by,
q
1

ΔT ðzÞ ≈ 1− p0ﬃﬃﬃ 
2 2 1 þ ðz=z0 Þ2

ð4Þ

In this relation, ΔT(z) is the normalized transmittance of the sample
at z and z0 is the Rayleigh diffraction length. The values of β can be calculated by,
q0 ¼ βI 0 Leff

ð5Þ

The values of ΔT(P − V) and Δ T(z) are normalized to the values of
photodiode1 and photodiode2 data, respectively, when the sample is
far from the focal point of the lens.
The values of the real and imaginary parts and the magnitude of
third-order nonlinear susceptibility χ(3) are calculated by [31],
Reχ ð3Þ ðesuÞ ¼

10−4 ε0 c2 n20  2 
n2 cm =w
π

ð6Þ

Imχ ð3Þ ðesuÞ ¼

10−2 ε0 c2 n20 λ
βðcm=wÞ
4π2

ð7Þ

 h
i2  h
i2 12
 ð3Þ 
χ  ¼
þ Im χ ð3Þ
ðesuÞ
Re χ ð3Þ

ð8Þ

In these equations, ε0 is the electric permittivity of free space ð8:85 

where, S is the linear aperture transmittance and can be determined by,

10−12 mF Þ, c is the velocity of light in vacuum and n0 is the linear refractive
index of each sample.



S ¼ 1− exp −2r 2a =ω2a

2.7. UV–Vis absorption spectra

ð3Þ

here, ra is the aperture radius and ωa is the beam radius on the aperture.
Table 1
The measured values of light transmission and linear absorption of MMT@Ni and
CuFe2O4@Ni nanocomposites in hydrochloric acid with concentration of 3 × 10−4 M.
Samples

T

α (cm−1)

MMT@Ni
CuFe2O4@Ni

0.9795
0.9954

0.0207
0.0046

The solutions for nanoparticles were prepared in hydrochloric acid
with concentration of 3 × 10−4 M and then placed in quartz cell. The linear absorption of these nanoparticles was measured by using a spectrophotometer. The linear absorption spectra of these nanoparticles are
shown in Fig. 1-SI. The linear absorption coefﬁcients of them have
been calculated by,
1
α ¼ − LnT
d

ð9Þ
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Fig. 2. a) SEM and b) EDX spectra of MMT@Ni.

In this equation, α is the linear absorption coefﬁcient of the sample, d
= 1 cm is the cell thickness and T is the transmission of light. The values
of the linear absorption coefﬁcients of these nanoparticles are listed in
Table 1.
3. Results and discussion
3.1. Synthesis of nanocomposite nickel immobilized on acid-activated
montmorillonite (MMT@Ni)
The study was started primarily by nanocomposite synthesis of
nickel immobilized on montmorillonite (MMT@Ni) in a ﬁve-step procedure: i) preparation of swelled (hydrated) montmorillonite through the
vigorous stirring of commercially available montmorillonite K10 in distilled water, ii) preparation of homoionic Na+-exchanged montmorillonite by adequate stirring of the swelled montmorillonite in an
aqueous solution of NaCl, iii) preparation of acid-activated montmorillonite by stirring of homoionic Na+-exchanged montmorillonite in an
aqueous solution of HCl, iv) preparation of the immobilized Ni(OAc)2
on acid-activated montmorillonite by a simply mixing and stirring of
acid-activated montmorillonite in an aqueous solution of nickel acetate,
and ﬁnally v) reduction of nickel acetate to Ni(0) with ethylene glycol to
obtain the ﬁnal nanocomposite of MMT@Ni.

After nanocomposite synthesis of MMT@Ni, the size and morphology of montmorillonite K10 (Mont K10), acid-activated montmorillonite (H-Mont) and nickel immobilized montmorillonite (MMT@Ni) was
studied using FT-IR, scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX).
The illustrated FT-IR spectra (Fig. 2-SI) exhibited that Mont K10
shows a strong absorption band at 1054 cm−1 indicating Si-O stretching
vibrations of tetrahedral sites. The bands at 522 and 464 cm−1 are also
attributed to Si–O–Al and Si–O–Si bending vibrations. Through the acid
activation of montmorillonite, the band at 1054 cm− 1 is shifted to
1080 cm−1. A small band near 795 cm−1 is due to amorphous silica.
Mont K10 also shows absorption bands at 3620 and 1635 cm−1 that
are attributed to stretching and bending vibrations of OH groups of
Al–OH. By immobilization of Ni(0) on montmorillonite, some changes
in absorption bands of the parent spectra were also happened.
SEM images and EDX spectra of Mont K10 and H-Mont are shown in
Fig. 3-SI. The images (Figs. 3a-SI and 3c-SI) show that via the acid activation, the layered construction of Mont K10 is exfoliated to tiny segments. This transformation is attributed to the elimination of major
contents of Al from octahedral sites by the reaction with HCl. In addition, elimination of Al contents generates new pores on the surface
and internal layers of montmorillonite leading to increase speciﬁc surface area.

Fig. 3. XRD spectrum of CuFe2O4 MNPs.
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Fig. 4. SEM images of CuFe2O4 MNPs.

SEM image of MMT@Ni (Fig. 2a) reveals that the immobilized particles have spherical shapes and well dispersed in the pores and surface of
tiny segments with a particle size of 10–20 nm. EDX analysis (Fig. 2b)
also indicates that Ni(0) nanoparticles as well as other elements are
present in the ﬁnal clay composite.
3.2. Synthesis of CuFe2O4@Ni MNPs
The preparation of CuFe2O4 MNPs by solid-state grinding of Cu(OAc)
Fe(NO3)3·9H2O, NaOH and NaCl in a molar ratio 1:2:8:2 was
taken place according to the reported procedure [26]. The process is
ecofriendly, economical and very efﬁcient. The prepared CuFe2O4 MNPs
was then characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), inductively coupled plasma-optical emission spectrometry
(ICP-OES), vibrating sample magnetometer (VSM) analyses.
Fig. 4-SI shows the recorded FT-IR spectrum for the prepared sample
of CuFe2O4 MNPs. In this spectrum, two main absorption bands at
586.88 and 405.82 cm− 1 are attributed to stretching vibrations of
Cu\\O bonds in tetrahedral and octahedral sites of cubic spinel ferrite.
It is notable that the stretching absorption band of Cu\\O in tetrahedral
sites, because of short bond length of Cu\\O, were appeared at a higher
wave number in comparison to octahedral sites.
The recorded XRD spectrum for CuFe2O4 MNPs (Fig. 3) shows that all
the peaks in the spectrum matched well with the standard one of copper ferrite (JCPDS 34-0425). The appeared peaks at 2Ө = 18.91°,
2·H2O,

31.02°, 36.62°, 38.38°, 44.92°, 55.62°, 58.48° and 62.19° were indexed
to (111), (220), (311), (222), (400), (422), (511), and (440) crystal
planes of spinel ferrite, respectively. In addition, the pattern represents
that the nanomagnetic CuFe2O4 has a cubic unit cell with inverse spinel
crystals.
The morphology and size distribution of CuFe2O4 MNPs was also determined using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Fig. 4a and b represent SEM images, and
Figs. 5a-SI and 5b-SI show TEM images of the prepared sample. The images show that the copper ferrite nanocomposite has an irregular morphology. The size of CuFe2O4 particles was found to be 13–29 nm.
The elemental (Cu, Fe, and O) composition of CuFe2O4 MNPs was determined by energy dispersive X-ray spectroscopy (EDX). Fig. 6-SI
shows that all the titled elements are present in the nanocomposite.
Through the inductively coupled plasma-optical emission spectrometry
(ICP-OES), the amounts of Cu, Fe and O in CuFe2O4 MNPs were determined 22.52%, 46.71% and 30.77%, respectively.
Magnetic property of CuFe2O4 nanoparticles was also investigated at
room temperature by vibrating sample magnetometer (VSM) analysis.
The obtained saturation magnetization value (Ms = 38 emu·g−1) and
shape of the illustrated pattern shows that the prepared sample has a
paramagnetic characteristic for a good magnetic separation (Fig. 5).
The recorded XRD spectrum for CuFe2O4@Ni MNPs (Fig. 6) shows
that the spectrum involves the peaks for XRD spectrum of CuFe2O4
(Fig. 3) and Ni nanoparticles. In addition, the recorded pattern represents that the nanomagnetic CuFe2O4@Ni has a cubic unit cell with inverse spinel crystals.

Fig. 5. VSM spectrum of CuFe2O4 MNPs.

124

A. Jafari et al. / Journal of Molecular Liquids 253 (2018) 119–126

Fig. 6. XRD spectrum of CuFe2O4@Ni MNPs.

3.3. Z-scan results of CuFe2O4@Ni and MMT@Ni
Fig. 7a and b show the closed aperture Z-scan signal ΔT(P − V) at the
laser intensity of I ° ¼ 54:21  103 mw2 for MMT@Ni and CuFe2O4@Ni, respectively. The same closed aperture Z-scan curves at I ° ¼ 70:90  103
w
were also illustrated in Figs. 7a-SI and 7b-SI for MMT@Ni and
m2

CuFe2O4@Ni, respectively. According to the Fig. 7a and Fig. 7a-SI, there
is a pre-focal minimum (valley) which is followed by a post-focal maximum (peak) in transmittance indicating positive nonlinearity with a
self-focusing effect. However in Fig. 7b and Fig. 7b-SI, the pre-focal maximum (peak) is followed by a post-focal minimum (valley) in transmittance, showing negative nonlinearity with a self-defocusing effect. At
the closed aperture, Eq. (1) was used to calculate the intensity-dependence of nonlinear refraction processes of nanoparticles.
By studying the intensity-dependent refraction coefﬁcients of these
nanoparticles in two intensities of the laser beams and in hydrochloric
acid 3 × 10−4 M, it is observed that increasing the intensity leads to increased peak-valley transmittance difference. It can be determined that
the theoretical ﬁts to the closed aperture experimental data is given by,
T ðzÞ ¼ 1− 

4Δϕðz=z0 Þ2


1 þ ðz=z0 Þ2 9 þ ðz=z0 Þ2

ð10Þ

This relation shows an agreement between theory and experimental
data and it can be used regarding plate of theoretical ﬁts of experimental
curves [32].
The values of nonlinear refractive index of the nanocomposite systems in two different intensities are given in Table 2. It is customary to
consider carbon disulﬁde (CS2) as a reference material for the nonlinear
refractive indexe measurement. Ganeev et al. [33] measured the nonlinear refractive index of CS2 in the order ~10−14 − 10−15 cm2W−1 in different laser pulls durations, which is at least 104 order of magnitude less
than the refractive indexes of MMT@Ni and CuFe2O4@Ni.
The sign of nonlinear refraction for MMT@Ni (CuFe2O4@Ni) is positive (negative). The difference in the nonlinear refractive index sign of
nanocomposites may be due to their supports which create different
nonlinear properties. Fig. 8a and b illustrate the difference between activities of two supports. In Fig. 8a, we can observe that the structure of
nickel immobilized on acid-activated montmorillonite is a layered
structure and this provides the possibility to focus the laser beams and
self-focusing phenomenon was happened. However, Fig. 8b shows
that nickel immobilized on copper ferrite has an inverse spinel structure

Table 2
Values of intensity and nonlinear refractive index of MMT@Ni and CuFe2O4@Ni nanocomposites in hydrochloric acid 3 × 10−4 M.
Samples

MMT@Ni
Fig. 7. Closed aperture Z-scan curves of a) MMT@Ni and b) CuFe2O4@Ni in HCl 3 × 10−4 M
at I ° ¼ 54:21  103 mw2 .

CuFe2O4@Ni

I0

h w i
m2

54.21
70.90
54.21
70.90

103




n2


m2 
10−10
w

2.29
2.03
2.65
2.26
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Table 3
The values of nonlinear absorption coefﬁcient of MMT@Mi and CuFe2O4@Ni nanocomposites in hydrochloric acid 3 × 10−4M.
Samples

MMT@Ni
CuFe2O4@Ni

Fig. 8. a) The sheet structure of nickel immobilized on acid-activated montmorillonite and
its relation with focusing of laser beams, b) The inverse spinel structure of nickel
immobilized on copper ferrite and its relation with divergence of laser beams

I0

h w i
m2

54.21
70.90
54.21
70.90

103



β[m/w](×10−4)

11.30
2.5
3.50
1.5

and this provides the possibility to diverge the laser beams and selfdefocusing phenomenon was taken place. Furthermore, since the result
of cw laser radiation on the materials is thermal effect, the nonlinear response of these materials is related to the gradient of the change in refractive index with temperature (dn/dT). It should be noted that this
thermal lensing effect is as self-focusing and self-defocusing phenomena in MMT@Ni and CuFe2O4@Ni, respectively.
Fig. 9a and b shows the normalized transmittance for the open aperture Z-scan as a function of z at the laser intensity of I ° ¼ 54:21  103 mw2
for nickel immobilized on acid-activated montmorillonite and copper
ferrite, respectively. The normalized transmittance for the open aperture Z-scan at I ° ¼ 70:90  103 mw2 for nickel immobilized on acid-activated montmorillonite and copper ferrite were also illustrated in Figs.
8a-SI and 8b-SI, respectively. From the best ﬁtting equation, performed
on the experimental and theoretical data of the open aperture measurement the nonlinear absorption coefﬁcients β(m/w) can be determined.
These ﬁttings can be plotted by,

q
1

ΔT ðzÞ ≈ 1− p0ﬃﬃﬃ 
2 2 1 þ ðz=z0 Þ2

ð11Þ

In this equation, ΔT(z) is the normalized transmittance of the sample at z and z0 is the Rayleigh diffraction length. The values of β can be
calculated by Eq. (5).
For both of the samples, existence of a valley in the curve shows that
two-photon absorption has occurred. The values of nonlinear absorption are decreased when the intensity of laser beam increases. It may
be due to saturable absorption. The values of nonlinear absorption coefﬁcients of these nanoparticles are given in Table 3.
The values of the real and imaginary parts and magnitude of the
third-order nonlinear optical susceptibility χ(3) are given in Table 4.
As seen from Table 4, the studied nanocomposite systems shows
magnitudes of third-order nonlinear susceptibility as large as 10− 9
esu in the line of 532 nm wavelength of laser beam. Thus they can
have a great potential in application of optical devices such as optical
switching. Suitability for this application can be considered by a parameter as ﬁgure of merit (FOM = n2I0/α0λ) which is proportional to the
ratio of nonlinear optical response to the linear absorption in a certain
wavelength, that should be N1 [34]. By using data (Tables 1 and 2),
the values of FOM for MMT@Ni and CuFe2O4@Ni were calculated as 11
and 58.7, respectively, at I0 ¼ 54:21ðW m2 Þ and λ = 532 (nm). So,
these nanoparticles especially CuFe2O4@Ni may be have applications
in optical switching.
4. Conclusions

Fig. 9. The open aperture Z-scan curves of a) MMT@Mi and b) CuFe2O4@Ni in HCl 3 × 10−4
M at I ° ¼ 54:21  103 mw2 .

In this paper, the third-order nonlinear optical properties of nickel
immobilized on acid-activated montmorillonite and copper ferrite
were investigated. The nonlinear refractive index of the nanocomposite
systems in hydrochloric acid with concentration of 3 × 10− 4 M was
measured by Z-scan technique and a continuous wave diode-pumped
laser. The values of nonlinear refractive index of these nanoparticles
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Table 4
The values of linear and nonlinear refractive index, and nonlinear optical susceptibility of the nanocomposite systems in different laser intensities.
Samples

(n0)

I0[w/m2](×103)

n2[m2/w](×10−10)

Reχ(3)[esu](×10−8)

Imχ(3)[esu](×10−8)

|χ(3)|[esu](×10−8)

MMT@Ni
CuFe2O4@Ni

1.382
1.383

54.21
70.90

2.29
2.26

1.11
1.09

23.20
3.08

23.22
3.27

are gained from the order of 10−10m2/w. When the input intensity was
increased, nonlinear refractive index of CuFe2O4@Ni was increased and
in the case of MMT@Ni was decreased. The sign of nonlinear refractive
index for MMT@Ni is positive and for CuFe2O4@Ni is negative. The difference in signs may be inﬂuenced by their structural frameworks.
Nickel immobilized on acid-activated montmorillonite has a layered
construction and this provides the possibility to focus the laser beams
and self-focusing phenomenon was happened. Whereas nickel
immobilized on copper ferrite has an inverse spinel structure and this
provides the possibility to diverge the laser beams and self-defocusing
phenomenon was taken place. In another hand, the results of Tables 3
and 4 show that the nonlinear absorption and the imaginary part of
third order susceptibility of sample 1 is one order of magnitude greater
than of sample 2. The reason for this can be found in the results of Fig. 1SI. As shown in this ﬁgure, both samples have a strong linear absorption
near 266 nm, with the difference that the linear absorption of MMT@Ni
is greater than CuFe2O4@Ni. Therefore, the difference in the nonlinear
absorption (two-photon absorption at 532 nm) seems to be rooted in
the deference of linear absorption coefﬁcients of the samples at
266 nm. One of the most important advantages of these nanocomposite
systems is their high nonlinearity in respect to the reference nonlinear
material (CS2) and also the ability to change of their sign of nonlinear refractive index relative to the different supports. Furthermore, having a
large ﬁgure of merit parameter in the examined materials makes them
a good candidate for use in the optical switching devices.
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