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In this work, the structural and optical properties of Fe2O3 Nano-fragments 
suspension in ethanol were studied in detail. The optical study includes 
characterizing the nonlinear response of the particles by using the spatial 
self-phase modulation (SSPM) technique at several wavelengths (405, 
532, and 650 nm). The structure and the size distribution of the collides 
were studied by performing X-ray diffraction (XRD) analysis, the Fourier 
Transformation Infrared spectroscopy (FT-IR), and Transmission Electron 
Microscopy (TEM) measurements. As a possible application, the potential 
of configuring an optical switch was also verified. The experimental 
results indicate that, for the amorphous Fe2O3 Nano-fragments with sizes 
ranging between 5-50 nm, the value of the nonlinear refractive index of 
Fe2O3 particles is about (0.8×10-11-2.73×10-11 m2/W) at 405nm. In addition, 
a pump beam at this wavelength can control any other probe beam at 
different wavelengths, regarding less the intensity of the probe beam. At 
wavelengths 532 nm and 650 nm diffraction rings cannot be formed within 
the light intensity used in this work (exceeding 25 MW/m2). The results of 
this study reveal the possibility of using these particles in optoelectronics 
and photonics applications.

INTRODUCTION
The nonlinear optics is of great interest in the 

field of optoelectronic applications, including 
communications, signal processing, data storage, 
and optical switches [1-4]. Therefore, the need 
for nonlinear materials is necessary to improve 
the performance of optical devices operating 
in many fields [5,6]. In addition, technological 
developments in optoelectronics have contributed 
to increasing the demand for nonlinear materials 
that are used in optical limiters, optical switches, 
and other essential applications [7-11].

Nano-scale materials are important kinds of 
materials that are widely used in the field of 

nonlinear optics. They have many important 
applications in optoelectronics, medicine, sensor 
technology, biological labeling, treatment of some 
types of cancers, and diodes [12-19]. In particular, 
metal oxides, especially in amorphous form, 
have attained great interest for their important 
potential applications in several fields, e.g. [14-
17]. The intrinsic optical isotropy is one of the 
most important characteristics of amorphous 
material. In addition, the disordered arrangement 
of material imparts important features and 
overcomes many limitations that are intrinsic in 
crystalline material [14,17]. Iron oxides (Fe3O4, 
αFe2O3, γFe2O3 ... etc.) are important Nano-
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materials that are used in many biological and 
geological processes [13,18-20]. The properties 
of many iron compounds, including the linear and 
nonlinear optical properties, have been widely 
studied, e.g. see [2, 5, 21-25].

In the field of nonlinear optics, there are 
many techniques for detecting nonlinear optical 
properties. One of those commonly used 
techniques is the Z-scan method, discovered in 
1989 by Sheik-Bahaa. It was used to determine the 
refractive index and the absorption nonlinearity of 
third-order nonlinear optical materials [26,27]. 
The spatial self-phase modulation (SSPM) 
technique is another simple and efficient method 
for characterizing the nonlinear refraction of 
material. It uses self-diffraction rings that are 
formed in the far field to determine the nonlinear 
refractive index and the third order nonlinear 
susceptibility χ(3) of the studied materials [28, 29]. 
Recently, SSPM technique is widely employed to 
characterize the nonlinearity of many 2D Nano-
materials, e.g. [2, 3, 5, 7]. There are many other 
techniques for detecting nonlinear properties, 
including (Non-linear imaging technique, and the 
D4 method inside a 4f-Z-Scan system) [30].

In this work, structural, linear, and nonlinear 
optical properties of amorphous Fe2O3 Nano-
fragments suspension in ethanol were studied 
in detail. The structural investigation includes 
performing TEM, FT-IR, and XRD measurements. 
The nonlinear optical properties were studied 
by using SSPM technology with wavelengths 
(405, 532, and 650 nm). This study also presents 
the effect of concentration and light intensity 
on the nonlinear refractive index of the Fe2O3 
suspensions. The performance of all-optical switch 
was also investigated.

THEORETICAL BASIS
The total refractive index of a medium is 

dependent on the incident light intensity with the 
formula [6]

𝑛𝑛 =	𝑛𝑛! +	𝑛𝑛"𝐼𝐼 
  

                                                          (1)

where : the linear refractive index, : the 
nonlinear refractive index, and : the intensity of 
the laser beam incident on the sample.

The third-order nonlinear susceptibility can be 
given as [7]
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where:  is the speed of light in vacuum,  is the 
wavelength,  is the number of rings,  is the Rayleigh 
range,  is the propagation length,  and  are the 
distances from the front and the back faces of the 
sample cell to the focal plane of the beam.

The nonlinear refractive index can be found 
by using the SSPM technique. The SSPM refers 
to the phenomenon of the interaction of a laser 
beam passing through a medium with the same 
medium as it modifies the phase of the same 
beam. The origin of this phenomenon lies in the 
ability of the laser beam to cause appreciable 
changes in the refractive index of the medium in a 
way that is dependent on the intensity of the laser 
beam. These changes lead to modify the phase of 
the laser beam, which leads to the appearance 
of diffraction rings at the far field. The spatial 
distribution of the laser beam is variable in the 
cross-section; therefore, the phase change has a 
spatial cross-section dependence, which distorts 
the wave front of the beam. The spatial phase 
change is responsible for the well-known nonlinear 
optical phenomena such as self-focusing and self-
defocusing of the laser beams. If the phase change 
is large enough, it can lead to the formation of a 
number of concentric diffraction rings at the far 
field [31]. In such a case, the nonlinear refractive 
index can be concluded from the number of rings 
formed using the relationship below [3]
  

𝑛𝑛" = (𝑁𝑁 + 𝛿𝛿		)	
𝜆𝜆	𝛼𝛼	𝐶𝐶	

0.868	𝑛𝑛0	𝐼𝐼0 61 − 𝑒𝑒
12/
0.*(*7	

                                                                                       (4)

where,  is the attenuation length,  is the 
concentration of the suspension. : is the extinction 
coefficient, and: is the relative error.

MATERIALS AND METHODS
The Fe2O3 Nano-fragments used in this work 

have been purchased from (PlasmaChem) in the 
form of Nano-particles suspension in water. To 
examine the properties of these materials in 
ethanol, the material was dried and then placed 
in ethanol with different weights. After that, the 
samples have been exposed to ultrasonic waves 
using an ultrasonic device. 

The absorption spectrum of Fe2O3 suspension 
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was measured within the range (190-
900nm) by using a CECIL CE 7200 UV-Visible 
spectrophotometer. To identify the material, an 
FTIR examination of the samples was carried out 
using a Fourier transform infrared spectrometer 
equipped by BRUKER. The crystalline structure 
of the particle was examined by performing 
an XRD measurement. The shape and the size 
distribution of the suspension were investigated 
by implementing TEM measurements.

As for the detection of the nonlinear properties 
of the samples, the spatial self-phase modulation 
(SSPM) technique was used. Fig. 1 shows the 
experimental setup of this technique.

For the SSPM characterization, continuous 
wave diode lasers at wavelengths (405, 532, and 
650 nm) were used with power ranging from 25 to 
90 mW. The laser power was controlled by using 
optical density filters. The laser beam is directed 
by using two highly reflecting mirrors and then 
focused by using a lens with a focal length of 10 
cm. The sample under examination was placed 
in a cell of 1 cm thickness. This cell is placed at a 
distance of (15 mm) before the focal plane of the 
lens. The formed rings were pictured by using a 
charged coupled device (CCD). The time evolution 
of the formed diffraction rings was recorded with 
a video camera that has a speed of 60 frame per 
second.

To check the feasibility of the optical switch, an 
0.5 mW  He-Ne laser was used as a probe beam. 
This beam was directed parallel to the pump beam 
by using two mirrors. Then, this beam is focused by 
the same lens used to focus the pump as shown in 

Fig. 1. The time evolution of the pump and probe 
rings was also filmed using a video camera.

RESULTS AND DISCUSSION
Fe2O3 Nano-fragments in ethanol have linear 

absorption in the ultraviolet region. The highest 
absorption is at wavelengths that range from (210 
nm) to (256 nm), as shown in Fig. 2. 

The figure shows the absorption spectra 
of different concentrations of the Fe2O3 nano-
material. As the wavelength increases, the 
absorbance decreases gradually until it becomes 
relatively low in the visible region. It becomes 
almost flat in the infrared range.

To examine the bonding structure of the studied 
material, an FT-IR test was conducted. Fig. 3 
presents the transmission spectrum of the studied 
sample. The peak at 3606 cm-1 is well known to be 
for the O-H stretching and those around

1600 cm-1 are for the C=O. The peaks at 
wavenumbers less than 700 cm-1 are for the 
Fe-O stretching [32].The size and shape of Nano-
particles are the key factors that determine the 
type and strength of the optical response of the 
particles, especially the nonlinear response. 
Before drying, the Fe2O3 particles in the aqueous 
solution had spherical shapes. However, the TEM 
images in Fig. 4 show that the shapes of the Fe2O3 

particles in ethanol are mostly irregular. They are 
in the form of fragments of various shapes. This 
change in shape can be due to the adhesion of 
iron oxide particles to each other, which leads to 
the formation of fragments of different shapes. In 
general, the size of these fragments ranges from 5 

 

  
Fig. 1. Experimental setup of the SSPM technique. M1-4 are high reflecting mirrors.
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to 50 nm on average. In addition, it can be observed 
that these particles suffer from agglomerations. 
Larger scale images show a high percentage of 
these particles gathering in the form of relatively 
large clumps.

The amorphous structure of the Fe2O3 was 
revealed by performing an XRD measurement. 
Fig. 5 shows the XRD curve of the Fe2O3 fragments 
deposited on a piece of glass. The wide peak 
between 18 and 38 degrees in the Figure can be 
due to the glass slide. However, the Figure shows 
clearly that the Fe2O3 Nano-fragments under study 
have an amorphous structure.

The nonlinear properties of Fe2O3 Nano-

fragments were investigated by sing the SSPM 
technique with three wavelengths (405, 532, and 
650 nm). At the wavelength 405 nm, concentric 
rings are formed with a relatively large number, as 
shown in Fig. 6.

At the beginning of shining the laser beam 
on the sample (at 0 sec), no rings appear. After 
a very short period (about 0.017 sec), the rings 
begin to form with an increasing number. They 
reach the maximum number after about 0.183 
sec. After that, the upper part of the rings begins 
to shrink gradually until the rings settle in a form 
of approximately a half circle after the passage 
of (0.4 sec). The reason for the contraction of 

 

  
Fig. 3. FT-IR transmission spectrum of Fe2O3 Nano-fragments

 

  
Fig. 4. TEM images for Fe2O3 Nano-fragments in ethanol, (a) 50 nm scale and (b) 30 nm scale
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the rings is the gravity that causes irregular 
thermal distribution below and above the rings, 
as explained in [7]. The values of the nonlinear 
refractive index and the third-order nonlinear 
susceptibility  calculated from the number of 
rings for different concentrations of Fe2O3 Nano-

fragments are listed in Table 1.
The level of  of the Fe2O3 particles reveals the 

thermal origin of this nonlinearity. In other words, 
the nonlinear refraction, in this case, is a result 
of the heat dissipated to ethanol from the Nano-
fragments which, in the first place, absorbed 

 

  
Fig. 5. XRD curve of Fe2O3 Nano-fragments deposited on a piece of glass

 

 

 

 

 

 

 

  

  

Concentration (mg/mL) n2 × 10-11 m2/W 𝜒𝜒!"!#$
(&)  × 10-8 e.s.u. 

0.025 0.8 3.32 

0.05 1.44 4.3 

0.1 1.93 5.15 

0.2 2.73 8.72 

 

Table 1. The Nonlinear refractive index and  of Fe2O3 Nano-fragments in ethanol of different concentrations with 405 nm 
excitation wavelength.

Fig. 6. The formation of diffraction rings at 405 nm from Fe2O3 Nano-fragments in ethanol with concentration of 0.2 mg/mL
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the incident laser radiation. The temperature 
distribution in such a case follows the profile of 
the laser beam, thus, causing unequal phase shift 
across the beam. This results in the formation of 
the diffraction rings in the far field. In addition, we 

note that the values of the refractive index and 
increase with the increase of the concentration of 
Nano-materials in the liquid. At wavelengths (532 
and 650 nm), despite the high power of the laser 
used in the experiment, no rings appeared, as 

 

  

 

  

Fig. 7. The shape of the laser beam at wavelengths (a) 532 nm and (b) at 650 nm after passing 
through the sample cell at different times

Fig. 8. The variation of rings number with the applied intensity at 405 nm for Fe2O3 Nano-fragments in 
ethanol
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shown in Figs. 7 a and b, which were recorded using 
laser beams at 532 and 650 nm, respectively. This 
means that, at these wavelengths, the maximum 
intensity used in this work (about 25 MW/m2) is 
less than the threshold intensity required for the 
formation of the rings.

Returning to the wavelength 405 nm, to show 
the effect of the laser intensity, we recorded 
the number of rings formed at different light 
intensities for all concentrations under study. The 
result of this experiment is shown in Fig. 8.

We notice from the Figure that at wavelength 
405 nm, the number of rings increases linearly 
with the amount of light intensity used. This 
linear increase is at all concentrations under 
study. However, despite this linear increase, the 

nonlinear refractive index does not change linearly 
with the change of the optical intensity used; but 
rather, its change depends on the concentration of 
the nanoparticle, as shown in Fig. 9.

Figs. 9 a, b, and c show that at the high 
concentrations (0. 2, 0.1, and 0.05 mg/mL), the 
value of the nonlinear refractive index decreases 
with the increase in the optical intensity used. This 
can be due to the saturation of the nonlinearity of 
the Nano-material, meaning that the value of the 
nonlinear refractive index at these concentrations 
is at its maximum. As for that at the lowest 
concentration (0.025 mg/mL), the value of the 
nonlinear refractive index increases slightly with 
the increase of the intensity of the laser used, as 
shown in Fig. 9d.

 

  

 

Fig. 9. Nonlinear refractive index change with incident intensity at 405nm for Fe2O3 Nano-fragments of 
concentration (a) 0.2, (b) 0.1, (c) 0.05, and (d) 0.025 mg/mL in ethanol

Fig. 10. Rings formation with pump beam at 405 nm and probe beam at 632.8 nm for Fe2O3
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To design an all-optical switch, the beam at the 
wavelength 405 nm was used as a pump beam, and 
a low-intensity beam of He-Ne laser was used as a 
probe. When appropriate pump intensity is used, 
the controlling laser can induce nonlinear optical 
effects through the formation of diffraction rings 
as described above. On the other hand, the low-
intensity He-Ne laser alone cannot produce any 
rings. However, when the pump beam is present, 
the diffraction rings at this wavelength and the 
wavelength of the probe beam are formed, as 
shown in Fig. 10.

In other words, the results of this experiment 
reveal the possibility of modifying the light of low 
intensity with the light of high intensity through 
a process based on cross-phase modulation 
(XPM). In this kind of process, the high-intensity 
laser beam works to modify the nonlinear optical 
properties of the medium for itself and the weak 
signal passing in the same medium. This leads 
to the generation of diffraction rings from both 
beams. The time evolution of the probe rings is in 
line with the evolution of the pump rings, as can 
be seen in Fig. 10. This is another proof that the 
basis for the excitation of the nonlinearity of the 
material is the high-intensity beam. These results 
show the possibility of using iron oxide Nano-
fragments to design an optical switch that can 
work in different fields.

At the wavelengths 532 and 650 nm, we have 
previously shown that it is not possible to form 
diffraction rings in iron oxide Nano-fragments by 
using an optical intensity exceeding (25MW/m2). 
This indicates that within the limits of the optical 
intensity used in this work, iron Nano-fragments in 
ethanol cannot be used to design an optical switch 
at these wavelengths.

CONCLUSION
Changing the environment of the Fe2O3 particles, 

from water to ethanol, led to the formation of 
irregular fragments with sizes ranging from 5 to 
50 nm. The linear optical properties indicate a 
high absorbance of the Fe2O3 Nano-fragments in 
the ultraviolet region and the beginning of the 
visible range. By using the technique of Spatial-
self-phase modulation (SSPM), it was found that 
these amorphous fragments in ethanol have a 
nonlinear refractive index of more than ( m2/W) 
at the wavelength of 405 nm. However, it was 
not possible to form diffraction rings at the two 
wavelengths 532 and 650 nm with light intensity 

exceeding 25 MW/m2. The time for the formation 
of the rings from the beginning of the formation 
until the stability of the shape of the rings does 
not exceed (0.4 sec). It was also found that the 
value of the nonlinear refractive index, and its 
variation with the applied intensity, depends on 
the concentration of suspensions. In addition, 
the results indicate the possibility of designing 
an optical switch using Fe2O3 Nano-fragments at 
wavelength of 405 nm.
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