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ABSTRACT
In this study, pure and surfactant-added nickel ferrite nanoparticles are success-
fully synthesized using the co-precipitation method. The prepared samples are 
investigated before and after irradiation of gamma ray and compared. The linear 
and nonlinear optical responses, morphological, magnetic, and structural proper-
ties are examined using the photoluminescence, ultraviolet–visible spectroscopy, 
z-scan technique, field emission scanning electron microscopy (FE-SEM), X-ray 
diffraction (XRD), vibrating-sample magnetometer (VSM), and Raman spectros-
copy analysis. The XRD analyses of the samples showed their crystallinity with no 
significant change after gamma irradiation. The grain sizes of the irradiated and 
surfactant-added nickel ferrites are decreased. According to the FE-SEM images, 
the synthesized particles are spherical. Based on the VSM results, the nanoparti-
cles displayed superparamagnetic properties. However, after gamma irradiation 
and adding the surfactant, the magnetic saturation is reduced. The band gap of 
unmodified samples is measured in the range of 2.05–3.92 eV before and after 
gamma irradiation. Moreover, the band gap of the nickel ferrite samples modified 
with cetyltrimethylammonium bromide-tartaric acid is in the range of 2.07–3.84 
eV. The closed- and open-aperture z-scans are used to measure the nonlinear 
refractive index and absorption coefficient, respectively. Based on analysis and 
data, our synthesized nanoparticles can be a good candidate for various applica-
tions such as hyperthermia, catalysis, and optical switches.
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application of some groups including hydroxyl, car-
boxyl, and amino groups for usage in the future [13]. 
It should also be noted that the interaction of radiant 
energy, including gamma radiation, with matter is a 
very important problem in theory and experiment. 
When gamma ray is applied to materials, profound 
changes may occur in its structure. The changes can 
be in mechanical strength, optical properties, mag-
netic behavior, and also other physical and chemical 
properties.

Primary charged particles and high-energy electro-
magnetic radiation interact with the electronic shell 
or atomic nucleus of the material. This can lead to the 
elastic and inelastic scattering of particles and causes 
stimulation and ionization of atoms, onset of nuclear 
reactions, and structural damage leading to the elastic 
and inelastic scattering of particles [15–17].

Nonlinear optical (NLO) response of materials 
under irradiations of intense laser light can be a result 
of second- or third-order polarization [18]. In mate-
rials with centrosymmetric structure, the third-order 
(only, odd-order) polarizations can lead to nonlin-
ear responses. The centrosymmetric material refers 
to a crystal containing a point as inversion center for 
the symmetry elements. The materials of high-NLO 
response can be of very practical importance due to 
their applications in optical switching, optical limiting 
devices [19], and in many other photonic devices. An 
optical limiting is a material with NLO response that 
protects the user’s eyes and sensitive optical elements 
against the damage of intense laser lights. It is a major 
challenge for researchers to find a material with very 
short NLO responses and higher linear transmission. 
The nonlinear material can also be used to monitor 
and control the transmission of light through the opti-
cal fibers or wires [20]. In recent decades, the emer-
gence of all-optical devices that are using photons 
instead of electrons for transferring and processing 
the information has encouraged scientists to overcome 
the challenges of this field. The nonlinear absorption 
(NLA) and nonlinear refractive index (NLR) are two 
main parameters of NLO materials that should be 
measured, accurately [21]. Optical damage level, limit-
ing threshold, and dynamic range are other important 
parameters that need to be determined in an all-optical 
device [22]. In 2020, Kalunge et al. observed that after 
gamma irradiation, the average crystallite size and 
drift mobility (μ) of zinc ferrite decrease, while DC 
electrical resistivity increases [23]. Moreover, in 2022, 
Hanan Al-Ghamdi investigated the effects of gamma 

1 Introduction

Nowadays, nanocrystalline spinel-type oxides, 
MFe2O4 where M is a divalent metal, have drawn 
much attention due to their unique magnetic proper-
ties. Among them, ferrites are very important because 
of their broad medical applications such as drug 
delivery and hyperthermia in the treatment of cancer. 
Spinel-type oxides characterized by AB

2
O

4
 as A and 

B in the oxygen face-centered cubic lattice denote the 
tetrahedral and octahedral sites, respectively. These 
structural compounds form inverse spinel and Fe3+ 
ions that occupy site A and the remaining M2+ and 
Fe

3+ ions site B [1–3]. Among various ferrites, nano-
sized nickel ferrites are soft magnetic materials with 
large expansion coefficient, high electrical resistance, 
low coercive field, high saturation magnetism, low 
eddy current losses, and high permeability. There-
fore, they can be appropriate for optical and magnetic 
applications [4–6]. Many studies have shown that 
nickel ferrite nanoparticles have good biocompatibil-
ity and exhibit strong superparamagnetic properties 
(high saturation, high acceptability, coercivity, and 
zero residual paramagnetic behavior) [7–9].

Particle size has a profound effect on the magnetic 
behavior, the coercive field, of materials. By reduc-
ing the particle size to a critical diameter, the single-
domain particles are formed. In these conditions, the 
formation of the domain wall is not feasible, energeti-
cally [5, 10]. The anisotropy and exchange energies 
are zero, because the magnetic moments of all single-
domain particles are aligned with the anisotropy axis 
(the magnetic energy is only the dominant energy). 
The anisotropic energy is dominated by the thermal 
energy of smaller particles and the magnetism is no 
longer stable. In other words, superparamagnetic com-
pounds are inherently nonmagnetic, but they can be 
magnetic in the presence of an external field [11, 12].

It is interesting that unmodified nanoparticles tend 
to accumulate and this leads to the increase in the size 
of the particles and it can be prevented by adding a 
surfactant. In addition, surface modification reduces 
the ferrite nanoparticles toxicity. This allows them to 
disperse by selecting a suitable solvent for the reac-
tion system, and finally, a stable colloid is obtained. 
This is chiefly because enough repulsive interaction is 
obtained in the reaction system [13, 14].

It is known that magnetic nanoparticles, modi-
fied by organic compounds, have fundamental mag-
netic properties, therefore, they can improve the 
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irradiation on the ferroelectric, optical, and structural 
characteristics of bismuth (Bi)-doped barium titanate, 
BaTiO3 (BT), namely Ba0.95Bi0.05TiO3 ceramics, abbrevi-
ated as Bi:BT [24]. Gamma-ray irradiation transforms 
various types of controlled defects, such as point 
defects in clusters and column defects in the bulk 
material. To the best of the authors’ knowledge, the 
NLO and magnetic properties of modified or gamma-
irradiated nickel ferrite nanoparticles have not been 
investigated. In this work, the effects of gamma irra-
diation on the linear/nonlinear optical and magnetic 
properties of modified and unmodified nickel ferrite 
nanoparticles with cetyltrimethylammonium bromide 
(CTAB)-tartaric acid surfactant are studied.

2 �Experimental procedure

The grade of all chemicals was analytical (Sigma-
Aldrich). These chemicals were not further purified 
and used as received.

2.1 �Synthesis of materials

Nickel ferrite nanoparticles (referred to as NF1) were 
synthesized using the solutions of nickel nitrate and 
iron nitrate using an easy and cost-effective technique, 
the co-precipitation method. First, 10 ml of Ni(NO3)2 
(0.4 mol/L) was added to 10 ml of Fe(NO3)3 (0.8 mol/L) 
and the resultant solution was stirred for 2 h at a tem-
perature of 40 °C. Surfactant-added nickel ferrite sam-
ple (referred to as NF2) was also synthesized under the 
same reaction conditions by adding the CTAB-tartaric 
acid (0.1 mol/L) surfactant at a pH of 11. To purify the 
synthesized samples, they were centrifuged at 5000 
rpm for 10 min and repeated for three times. Then, 
the products were washed with distilled water and 
ethanol and allowed to dry in oven at 80 °C for 3 h. 
To improve the crystalline conditions of the samples, 
they were annealed for 3.5 h in a muffle furnace at 
580 °C. All samples were finally exposed to 40 kGy of 
gamma irradiation. For photoluminescence analysis 
and z-scan measurements, 15 mg of each sample was 
dispersed in 10 ml of ethanol.

2.2 �Characterization

The synthesized samples were irradiated by a 
gamma dose of 40 kGy at room temperature using 
the Gammacell_220 (Nordion, Canada) from a 60Co 

source with a 1.5 Gy/s dose rate. Fricke dosimeter 
was used to calibrate the irradiator. After gamma 
irradiation, pure nickel ferrite and surfactant-
added nickel ferrite samples were labeled as NF3 
and NF4, respectively. To characterize the crystal 
structure of the samples, the X-ray diffractometer 
(XRD: D8-Advance Bruker) with CuKα radiation 
(λ = 1.5406 Å) was used. Raman analysis was per-
formed using the Almega Thermo Nicolet dispersive 
Raman spectrometer at a wavelength of 532 nm and 
a laser power of 30 mW. A field emission scanning 
electron microscope (FE-SEM: MIRA3 FEG, Tescan) 
was employed to study the morphology of prepared 
nanoparticles. An Fp-6200 spectrofluorometer was 
used for photoluminescence (PL) measurements.

To measure the nonlinear refractive index and 
absorption coefficient, we have used the open- and 
closed-aperture z-scan setups as schematically 
shown in Fig. 1. The CW He–Ne laser beam (Melles 
Griot, 632.8 nm, 75 mW) was focused using a 100 
mm focal length lens on the sample. The beam waist 
was measured about 73 µm by using the edge-scan 
method. We have calculated the applied intensity 
in Rayleigh range to be about 160 W/cm2. By mov-
ing the sample along the beam (z-direction) by a 
micrometer, the output power was recorded using 
San Wa Laser Power Meter Lp1 Mobiken Series. The 
normalized transmission curves for different sample 
position around the focal point were plotted for both 
open and closed scan modes.

Fig. 1   a Open- and b closed-aperture z-scan setups for measur-
ing the nonlinear refractive index and nonlinear absorption coef-
ficient
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3 �Results and discussion

3.1 �XRD

NiFe2O4 has an inverse spinel structure with Ni2+ ions 
at octagonal sites and Fe3+ ions evenly distributed 
between the tetrahedral and octahedral sites [25]. Fig-
ure 2 shows XRD spectra of nickel ferrite (black line), 
nickel ferrite after 40 kGy gamma irradiation (green 
line), nickel ferrite with CTAB-tartaric acid surfactant 
(red line), and nickel ferrite with CTAB-tartaric acid 
surfactant after 40 kGy gamma irradiation (blue line). 
In the diffraction patterns, the width of the peaks con-
firms that the samples are nano-sized and the sharp 
peaks represent highly crystalline structures. Accord-
ing to Fig. 2, the preferred growth at 2θ =35.88° corre-
sponds to the (311) Miller plane of the cubic structure. 
The characterized peaks appearing at 2θ =30.5°, 37.02°, 
43.51°, 54.07°, 57.64°, 63.16°, and 75.01° correspond to 
(200), (222), (400), (422), (511), (440), and (533) planes 
of cubic phase nickel ferrite (JCPDS files no. 03-0875), 
respectively [25].

There are several methods for determining the 
size of nano-blocks, such as Debye–Scherrer and 
Halder–Wagner methods. Scherrer’s method (Eq. 1) 
assumes that the Bragg peaks width of X-ray dif-
fraction pattern is due to the size of the nanocrys-
tals and the contribution of other factors, including 
the imperfections of the crystal lattice, is small com-
pared to this width. Therefore, other factors such as 
crystal lattice imperfections, which can be caused by 

lattice displacement, the presence of impurities, lat-
tice dislocations, etc., are not considered. Since these 
factors cause a strain in the crystal lattice, they affect 
the width and intensity of the Bragg peaks. From the 
Halder–Wagner relation (Eq. 2), besides the size of the 
crystals, the amount of strain in the crystal structure 
can be obtained as given in the following relation:

In Eqs. (1) and (2), D, λ, ε, β, and θ are the size of 
the nanocrystals, width at half-peak, amount of strain, 
X-ray wavelength, and diffraction angle, respectively. 
In Eq. (2), the Halder–Wagner method with the Lor-
entzian and the Gaussian functions was used to deter-
mine the lattice strain (ε) of nickel ferrite nanocrystal. 
Moreover, d* denotes the lattice-plane spacing for the 
reciprocal cell and β* represents the integral breadth 
of the reciprocal lattice point. The magnitude of D is 
directly indicating the nanoparticle strain [26, 27].

According to the Scherrer relation, the particle size 
is calculated to be 17 nm for NF1, 9.1 nm for NF2, 14.2 
nm for NF3, and 8.7 nm for NF4 samples. Also, the 
Halder–Wagner method is used to estimate the parti-
cle size of samples (see Fig. 3). The estimated crystal 
sizes by two techniques, for all four samples, are sum-
marized in Table 1. In comparison, the data are esti-
mated by two techniques, a difference is seen between 
the crystal sizes [27]. The large value of D estimated 
using the Halder–Wagner method may be attributed to 
large lattice strains [26]. In both cases, after irradiation 
and addition of surfactant, the particle size is reduced. 
Even, a 40 kGy dose of gamma ray does not cause a 
discernible change in the crystallographic phase. As 
the change in peaks is negligible, the lattice parameters 
are not changed before and after gamma irradiation.

3.2 �Raman studies

The Raman spectroscopy is used to obtain the struc-
tural information of the prepared samples. A detailed 
assignment of all bands observed in the Raman spectra 
of NiFe2O4 is not rigorously possible and the assign-
ment might be meaningless since the part of the 

(1)D =
0.9�
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(2)

(

�∗

d
∗

)

2

=
1

D

×

(
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(d∗)
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2
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Fig. 2   XRD spectra of NF1, NF2, NF3, and NF4 samples
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spectra corresponding to the bands assigned to stretch-
ing, bending, rocking, twisting, and wagging modes 
are very complex [28]. According to the group theory, 
the inverse spinel ferrites have five main Raman active 
modes. The standard form of these modes is given by 
A1g+Eg+3T2g [29]. As it is seen in Fig. 4, the main modes 
(Raman active peaks) appeared at 153 (T2g (1)), 307 

Fig. 3   Particle size distribution of a NF1, b NF2, c NF3, and d NF4 samples according to the Halder–Wagner method

Table 1   Strain and crystals size of samples estimated by Scher-
rer and Halder–Wagner methods

Sample Halder–Wagner method Average nanocrystals size 
by Scherrer method (nm)Strain Nanocrystals 

size (nm)

NF1 0.0051 20 17
NF2 0.0040 13 9
NF3 0.0036 11 6
NF4 0.0016 9 8

Fig. 4   Raman spectra of NF1, NF2, and NF4 samples
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(Eg), 483 (T2g (2)), 572 (T2g (3)), and 692 (A1g). They are 
measured in unit of cm−1 and are in good agreement 
with the previously obtained results for NiFe2O4 [30]. 
The A1g mode occurred by symmetric stretching of 
oxygen atoms about Fe–O and Ni–O bonds and the 
Eg mode due to symmetric bending of oxygen atom 
with reference to the metal ion. Also, the T2g (2) and 
T2g (3) modes correspond to the vibrations of the octa-
hedral groups. It is believed that T2g (3) results from 
the asymmetric bending of oxygen and asymmetric 
stretching of Fe/Ni–O lead to T2g (2). The T2g (1) mode 
is attributed to the translational movement of the 
tetrahedron. Moreover, the intensity of the peaks is 
increased because the grain size increased and there-
fore the crystallinity of the structure improved. These 
results are consistent with the XRD results before and 
after irradiating the samples with gamma ray [29, 30].

3.3 �FE‑SEM studies

The samples are morphologically analyzed using 
FE-SEM and the results are presented in Fig. 5. The 
images confirm the nanoscale structure of the synthe-
sized colloidal particles in all three samples. Moreo-
ver, the spherical nanometer particles are uniform and 
formed an intertwined structure. The uniform struc-
ture is very effective in the surface properties of the 
samples. Micrographs show a change in the grains size 
and their boundaries. To estimate the nanoparticles 
size in samples, the surface areas of the formed clus-
ters are measured and calculated by the image pro-
cessing (ImageJ software). According to the results of 

adding surfactant (Fig. 5), the particle size is reduced 
as it was predictable. After gamma irradiation of 40 
kGy, the particle size is also reduced. Since γ-photons 
are able to interact more readily with materials, the 
photoelectric absorption becomes dominant and 
reduces the average particle size [31–33].

Figure 6 shows the energy-dispersive X-ray (EDX) 
spectroscopy of NF1. The inset of this figure shows 
the atomic and weight percentages of O, Ni, and Fe. 
The formation of nickel ferrite is confirmed by EDX 
spectrum and no impurities were observed. So, high-
purity samples were prepared.

Fig. 5   FE-SEM analysis of a NF1, b NF2, and c NF3 samples

Fig. 6   The EDX analysis of the NF1 sample. Inset table shows 
the atomic and weight percentages of O, Fe, and Ni
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3.4 �VSM analysis

In this section, we have presented the VSM results 
to investigate the magnetic properties (ferromag-
netism, superparamagnetism, etc.) of the prepared 
nanoparticles. For this, the M–H diagram is exam-
ined at room temperature by a vibrating magnetom-
eter with applied field ranging from − 15 kOe to +15 
kOe. Based on M–H hysteresis, magnetization, and 
coercive field, the following analysis is done and the 
properties of the materials are determined. Figure 7 
shows the behavior of M–H curve for all samples. It 
is seen that the hysteresis and coercive field are zero 
for all samples. This indicates that the nanoparticles 
are superparamagnetic at room temperature. This phe-
nomenon is often observed when the size of magnetic 
particles decreases to the critical diameter [26, 34]. 
Results show that in surfactant-added sample (NF3 
in comparison of NF1), the particle size decreases and 
therefore, the magnetic saturation (Ms) is decreased. 
It also decreased even more after gamma irradiation 
(NF2 and NF4 samples) [30, 33–38]. This result indi-
cates that the magnetic properties of nanoparticles can 
be changed with gamma irradiation. There are some 
inclined or unordered spins on the surface of the nan-
oparticles. These spins prevent the alignment of the 
core spins along the direction of the field so, the Ms 
of the smaller nanoparticles decreases. This may be 
attributed to the reduction in magnetic moment inter-
action and thus a lower magnetization [38]. Moreover, 
the ions with high energy can penetrate the samples. 
As a result of inelastic collisions, the gamma photons 
interact with host atoms and molecules. Depending on 

the amount of lost energy, this interaction may lead to 
partial amorphization or defect formation. Therefore, 
the crystallite size is reduced which in turn causes 
weakened super-exchange interaction, magnetic dead 
layers, and spin canting. Furthermore, saturation mag-
netization is substantially reduced [30, 37, 38].

3.5 �Optical properties

3.5.1 �UV study

For a solution, the optical absorption coefficient can be 
calculated using of α = 2.303 Aρ/lc [39], where A, ρ, l, 
and c are the absorbance, nickel ferrite density (5.368 
gcm-3), cell thicknesses (1 cm), and the solution con-
centration, respectively. According to the Tauc rela-
tion, the photon energy is related to the absorption 
coefficient as (�h�)2 = K

(

h� − E
g

)

 [39]. Also, the 
Kubelka–Munk method can be used to estimate the 
energy gap. It is expected to get the same results using 
this method too. As it is based on reflection and partial 
scattering and as it is known, reflection is related to 
absorption [40]. In Tauc relation, K is a constant, Eg is 
the band gap energy, h is the Plank constant, and ʋ is 
the frequency of the incident photons. The behavior of 
(αhυ)2 and (αhυ)1/2 versus the photon energy (hυ) is 
shown in Fig. 8 for all samples. The corresponding 
optical absorption curve is presented as a inset in each 
figure. The straight-line parts of the curves can be 
extrapolated to zero (α = 0) to obtain the direct band 
gap energy Eg. They are estimated for the samples 
NF1, NF2, NF3, and NF4 as 2.05 eV, 2.07 eV, 3.92 eV, 
and 3.84 eV, respectively [41, 42]. It is seen that the 
energy gap of nanostructures, gradually, increases 
which is a sign of reduced nanoparticle size according 
to the principle of quantum confinement [43, 44]. 
These results are in agreement with that obtained from 
the X-ray diffraction pattern analysis [45]. Likewise, 
the indirect gap of nanoparticles is also in agreement 
with the reported results (Fig. 8e) [42].

3.5.2 �Extinction coefficient and refractive index

Using the absorption coefficient, the refractive index 
(n) and extinction coefficient (k) can be calculated. The 
extinction coefficient is given as the following [40, 46]:

(3)k =
��

4�
,

Fig. 7   VSM analysis of NF1, NF2, NF3, and NF4 samples
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Fig. 8   Variations of (αhν)2 against photon energy for direct band gap of a NF1, 1 b NF2, c NF3, d NF4 samples, and e indirect band 
gap of samples. The inset of figures shows the absorption of the corresponding samples
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where λ denotes the incident photon wavelength. The 
value of k is a measure of how well a substance can 
absorb light at a specific wavelength. This value is cal-
culated using the average absorption per unit distance 
and the fraction of light lost by scattering. On the other 
hand, in integrated optical applications, the refractive 
index is one of the basic parameters. The value of the 
refractive index indicates how a light slows down 
when it propagates through an optical material [47]. 
It is related to the local fields inside the material and 
for the electronic polarizations that can be calculated 
using the following equation [46]:

The behavior of n and k is shown in Figs. 9 and 10 as 
a function of light wavelength for samples NF1–NF4. 
There is a direct relation between the extinction and 
absorption coefficients. It is seen that with increasing 
the particle size, the absorption and extinction coef-
ficients also increase. The refractive index of all sam-
ples decreases with increasing wavelength. Also, it is 
shifted to lower wavelengths after gamma irradiation. 
The behavior of optical constants, n and k, in a cer-
tain optical spectrum region, is important to identify 
the materials that are suitable for optical data storage 
applications [47–49].

(4)
(

1 + R

1 − R

)

+

√

4R

(

1 − R
2

) − k
2
.

3.5.3 �Nonlinear optical properties

Figures 11a–d show the open-aperture normalized 
transmission curves of NF1, NF2, NF3, and NF4 sam-
ples, respectively, and their comparison in Fig. 11e. 
The laser parameters, optical elements, and measure-
ment are explained in section 2.2. The experimental 
data are then fitted using the following equation to 
obtain the nonlinear absorption coefficient [50, 51]:

where q0 is given by βI0Leff, with β and I0 denoting the 
nonlinear absorption coefficient and the laser inten-
sity at the beam waist and Leff is the effective length 
that is given by Leff= (1-exp (α/l))/α with l and α the 
cell thickness and linear absorption coefficient. In Eq. 
(5), z0 is the Riley or diffraction length and relates to 
beam waist as z0=λ/πw0

2. The calculated and measured 
numerical values are summarized in Table 2. The error 
bars shown on each data are due to errors in read-
ing the numbers on the power meter. Each data is the 
average of 10 times reading the power meter display. 
Based on the numerical values of nonlinear absorp-
tion coefficient, the saturable absorber behavior is seen 
with the values of − 24.02, − 4.44, − 6.09, and − 2.67 
(×10−2 cm/W) for NF1, NF2, NF3, and NF4 samples, 
respectively. It is seen that the saturation decreases 
and shifts toward the reverse saturation absorption, 
due to the addition of surfactant and effect of irradiat-
ing with gamma rays. Accordingly, it can be obtained 

(5)T = 1 −
q
0

2

√

2(1 +
Z
2

Z
0

2
)

,

Fig. 9   Behavior of extinction coefficient of NF1, NF2, NF3, and 
NF4 samples

Fig. 10   Refractive index behavior of NF1, NF2, NF3, and NF4 
samples
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Fig. 11   Nonlinear absorption curves of a NF1, b NF2, c NF3, and d NF4. e comparison of nonlinear absorption curves of all samples. 
Error bars show the uncertainty in reading the power meter display. They are the average of ten numbers
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that the smaller value of saturation is -2.67×10−2 cm/W. 
Those behaviors predict a good and controllable opti-
cal limiting applications.

Figures 12a–d show the normalized closed-aper-
ture z-scan transmission curves for NF1, NF2, NF3, 
and NF4 samples, respectively. The valley after peak 
(p–v) behavior of the curves indicates negative sign 

of the nonlinear refraction corresponding to the 
self-defocusing phenomena. Same as the nonlinear 
absorption, it is seen that the nonlinear refraction of 
gamma-irradiated and surfactant-added samples are 
also reduced. It is reduced from − 7.41×10−7 cm2/W 
for the pure NiFe2O4 to − 3.24×10−7  cm2/W for the 
gamma-irradiated sample and to − 1.63×10−7 cm2/W 

Table 2   Numerical values of 
nonlinear responses, q0, Leff, 
and α 

Sample α (1/cm) Leff × 10−4 (m) ∆φ0 
(= kn2I0L-
eff)

q0 (= β I0Leff) β×10−2 (cm/W) n2×10−7 (cm2/W)

NF1 4.91 7.90 0.93 3.03 − 24.02 − 7.41
NF2 7.72 6.96 0.18 0.49 − 4.44 − 1.63
NF3 2.27 8.95 0.46 0.87 − 6.09 − 3.24
NF4 15.94 4.98 0.06 0.21 − 2.67 − 0.83

Fig. 12   Closed aperture z-scan experimental curves for NF1 (a), NF2 (b), NF3 (c), and NF4 (d) samples. Error bars showing the uncer-
tainty in reading the power meter display and averaged over the ten numbers
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for the surfactant treatment sample. It is further 
reduced to − 0.83×10−7 cm2/W in the sample treated 
by both the effects.

The value of nonlinear refractive index can be 
obtained using the closed-aperture z-scan data by 
fitting the experimental data with the following 
equation [52]:

Here, ∆φ0 is defined as kn2LeffI0, where n2 is the non-
linear refractive index and k the wavenumber. All 
the measured parameters are summarized in Table 2. 
The value of n2 can be important in a lot of all-optical 
applications such as optical switching and bistability, 
optical phases modulation, and conjugation [53, 54].

In comparison, the synthesized NiFe2O4 sample has 
been studied under irradiation of CW He–Ne laser 
with 1600 W/cm2 applied intensity at different tem-
peratures [9]. The reverse saturable absorption and 
self-defocusing behavior show that the values of non-
linear absorption and refraction responses decrease 
with the increase in temperature. In another study, a 
532-nm wavelength CW laser has been applied to Zn-
doped NiFe2O4 sample. The reverse saturation absorp-
tion and self-defocusing effects have been observed at 
100 mW incident laser power [55]. Optical damage is 
used to describe the vulnerability of materials to high-
intensity light and the vulnerability of materials to 
high-energy laser beams, which can limit applications 
in devices such as high-intensity optical switches, fre-
quency converters, and amplifiers [56, 57]. It is highly 
important to produce a type of material with different 
nonlinear responses such as our synthesized NiFe2O4 
and modified samples. Therefore, surfactant treatment 
and gamma irradiation can yield to improvement of 
the nonlinear responses. Figures 11e shows the tun-
ability of the nonlinear responses and this can be very 
important in various applications.

3.5.4 �Photoluminescence

Photoluminescence emission occurs as a result of elec-
tronic transfer from the higher levels to the lower lev-
els. It is a highly sensitive and nondestructive method 
for determining the bulk material electronic structure 
and analyzing the surface defects [27]. In this work, 

(6)T
p−v = 1 −

4Δ�
0
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Z
0
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Z
2

Z
2
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)(9 +
Z
2
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2
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)

.

the PL of the prepared nanoparticles is measured at 
room temperature. For this, the excitation wavelength 
is set to be 380 nm. Figure 13 illustrates the PL spectra 
of the samples at room temperature in the wavelength 
ranges of 400–700 nm. Four emission peaks are clearly 
seen in PL spectra of NF1–NF4. The first one is around 
406 nm and results by the electron transitions from the 
conduction band edge to the trapped holes. The sec-
ond peak at 426 nm relates to the transitions of Ni+2 in 
octahedral sites. Third peak is around 520 nm, created 
from 3d5 → 3d4 4s transition of Fe+3 ions. The last peak, 
placed at 668 nm is related to Fe3+ in NiFe2O4, which is 
located in tetrahedral sites [41, 58]. The intensity of the 
corresponding peaks varies after gamma irradiation. It 
is also seen that the intensity of peaks decreases with 
the decrease in the particle size [49]. The reducing of 
the intensity decreases the electron–hole recombina-
tion. Sharp PL transitions can be useful for applica-
tions such as catalyst bases [41, 59].

4 �Conclusion

In this work, NiFe2O4 nanoparticles with Fd3m 
space group were successfully prepared using the 
co-precipitation method. The prepared nanoparti-
cles were analyzed using different techniques. They 
showed superparamagnetic properties at room tem-
perature. We summarized the preparation method, 
surface modification, and application of NiFe2O4 

Fig. 13   Photoluminescence spectra of NF1, NF2, NF3, and NF4 
samples
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nanoparticles. We studied the synthesized particles 
under irradiation of gamma rays and by adding sur-
factant. The results showed that the particle size, lin-
ear and nonlinear optical properties, and magnetic 
behavior are modifying. The FE-SEM micrographs 
showed that particle size distribution is homoge-
neous without any impurities and it is verified by 
the EDX spectrum. The X-ray diffraction spectra of 
samples indicated by their crystallization is a cubic 
phase with crystal sizes in the ranges of 9–20 nm and 
6–17 nm estimated by the Halder–Wagner and Scher-
rer methods, respectively. Using CTAB-tartaric acid 
showed a sharp decrease in the particle size in com-
parison with pure NiFe2O4 particles. A considerable 
nonlinear response was measured using the open- 
and closed-aperture z-scans even at low CW laser 
intensities. Our analysis showed that the responses 
can be improved under gamma irradiation and by 
adding surfactant. This effect introduces them as a 
good candidate for most important applications in 
photonics. Finally, the obtained results showed that 
the proposed treatments make NiFe2O4 a good can-
didate for protecting against optical damages.
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