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Abstract

Three compositions NiosFe2504, Nio7Fe2304 and Fe:Os were prepared by the co-
precipitation method and checked by XDR, SEM, and VSM. The nanoparticles
show a good match with the XRD standards. The particle sizes were 25, 32, and
18nm for the above compositions, respectively. The first composition showed the
highest magnetization saturation. Suspensions containing the mentioned
nanoparticles were prepared with two carrier fluids, distilled water, and
dimethylsulphoxide (DMSQ). A transmission to ultraviolet-visible light was tested
and showed good transparency of more than 60 % in the red light region. The
transparency to 623nm laser light under different magnetic fields of the six
suspensions was tested. A simple device was fabricated to perform this test. The
water suspension in water NigsFe2s04 has a larger variation in the transmitted
power. The suspension of hematite shows no sensible change in the transmitted
power. The magnetic properties of the nanoparticles and the dispersion property of
the carrier fluid were behind the explanation of the suspension behaviours under the
influence of the magnetic field.

Keywords: Ferrofluids; magneto-optics; ferrites; laser transmission, ferrite,
hematite.
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1. Introduction

Nanomaterials, especially nano ferrites, have acquired new applications [1-4]. Ferrites,
bulk and nano, and iron oxides play a main role in different magnetic and electric applications
[5,6]. Magnetic liquids, also called ferrofluids, are stable colloidal systems created when
nano-grade magnetic particles are highly dispersed in some liquids [7-10]. Typically,
ferrofluids consist of metals (Fe, Ni, or Co) or cubic spinel oxidic single-domain
ferromagnetic ceramics suspended in water or organic solvents with suitable surfactants. With
a controllable rheological property and sharp magnetic attraction, ferrofluids can earn diverse
special physical, chemical, and magneto-optical properties [11]. Ferrofluids are used in
loudspeakers, stepper motors, heat exchangers, and sensors [12]. Additionally, they have
worked as a functional material in biomedicine applications [13].

Manipulating the optical properties of ferrofluids forced by magnetic fields is the subject
of extensive research activities. The researchers targeted the integration of ferrofluids in an
optical device such as optical shutters, attenuators, and polarizers, provided that particles
remain mono-dispersible in a closed system and their movement is restricted in two
dimensions [14-16]. Within this context, Nair et al. [11] utilized ferrofluid thin films
belonging to the series NixFe1-xFe:04 (ZnxFei1x Fe204) encapsulated between two glass slides
as a Gauss meter for field and magnetic moment sensing. Mormile et al. [12] studied the
propagation of light beam at the interface of prism-magnetic fluid film. They investigated the
effects of the magnetic field on the refractive index of the magnetic fluid.

In this paper, three compositions of nickel ferrite (NiosFe2504 and Nig7Fe2304) and
hematite Fe>Os were prepared as a suspension in distilled water and dimethylsulphoxide
(DMSO). Their optical properties were investigated using UV-visible spectroscopy. The Six
suspensions were tested for their transparency to 623nm laser light at different magnetic
fields.

Sensing and measuring the magnetic field is significant in orientation, navigation,
memory, recording media, scientific research (spectroscopy, nuclear, particle physics, optics,
and even rheology), industrial applications, and biomedical (like those used in magnetic
resonance and biosensors). From this point, this work is trying to use Ni ferrite and hematite
ferrofluids as a sensing element for different magnetic fields.

2. Experimental work
2.1. Ferrofiluid preparation

The compositions NiosFe2504 and Nio.7Fe2304 were synthesized by the co-precipitation
method using FeCls and NiCl,.6H0O in a stoichiometric weight ratio. NaOH was added to
reach a pH of about 8. The solutions were heated to about 90°C. The resulting suspensions
were washed four times with distilled water, followed by drying at 70°C in the oven to
produce the final powder. The same procedure was conducted to prepare the hematite phase,
except no NiCl2.6H,O was used. The powders were examined with an X-ray diffractometer
(XRD) (Shimadzu-6000), scanning electron microscope (SEM) (LEO-1450)), and vibrating
sample magnetometer (VSM) (MDK at Iran Kashan University).

The magnetic fluids were prepared by mixing the prepared nano powder iron oxide
(hematite, Fe2Ogz, or Ni ferrites) with distilled water or dimethylsulphoxide (DMSO). For the
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Ni ferrite with the NixFesxOs structure, x was chosen to be 0.5 and x=0.7 to obtain
NiosFe2504 and Nig7Fe2304. 5 mg of each of the prepared nanopowders (weighted by a
sensitive 4.0-digit balance) were separately dissolved in 2 ml of distilled water and DMSO,
respectively. The mixing process was performed in an ultrasonic bath for one hour. UV-Vis
spectrophotometer (Sigma, USA) was used to determine the transmittance of all samples in
the wavelength range (190-1100 nm).

2.2. Lab-built experimental setup
2.2.1. The coils

A lab-built solenoid of two coils 0.5cm apart was used to produce a uniform variable
magnetic field. The coils were of copper wire wound around a clear transparent polyethylene
cylinder, which has a hole drilled between the coils to install the sample, as shown in Figure
la. Each coil is 280 turns with an average diameter of 0.5cm, 3cm coil length, and a wire
thickness of about 0.8mm. A power supply of 30V with a 5A current was used to supply the
coils with current. The diameter of the index in both parts of the coil is almost equal; the
slight variation in length and diameter does not affect the magnetic field uniformity and its
calculation between the two coils because the coils, generally, achieve the condition of
Helmholtz for a uniform field (coil diameter equals the distance between the two coils).
Calibration of the magnetic field generated at the centre of the two coils versus current
changes was performed utilizing a commercial Gauss meter (NV621). It is worth noting that
the fabricated coils could withstand a current greater than 5A, and can exceed this value by
providing a cooling fan.

2.2.2 .Optical Gauss meter

As shown in Figurel, the proposed Gauss meter consists of laser light as a light source, a
ferrofluid sample, and a homemade powermeter (photodetector, and the 3-digit display). A
wooden panel was used for setting the experimental arrangement. The laser diode with a
wavelength of 623nm and power of 2.5mW was chosen as a light source. This laser diode is
available locally at a reasonable cost and performs the desired purpose. The laser light power
was detected by the homemade power meter consisting of a photodetector (OPT101), which is
a monolithic photodiode with an on-chip trans-impedance amplifier operating from +2.7V to
+36V. A digital voltmeter having a 3-digit display, which means a wide precise range of
readings (HR0201-1 Mini) was connected to measure the output voltage from the detector. A
shielding tube of 0.5 cm diameter was placed vertically to the detector to prevent the ambient
light of the laboratory from reaching the detector. The magnetic field was produced by two
Helmholtz coils as given in section 2.2.1.
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Figure.1: Optical Gauss meter circuit and setup block diagram.

A power supply of 12V voltage with a maximum current of 0.5A was used to drive the
circuits . A voltage regulator (8MO5B regulator) was installed to regulate the 12V voltage to
around 5V suitable to drive the laser diode.

In the experimental setup, a ferrofluid sample in a capillary glass tube of 2mm inner
diameter is put between the two coils, which were used to generate the magnetic field. The
sample tube was placed in the uniform field area between the coils, and its length was aligned
normally to the magnetic field direction. The laser beam from the laser diode was allowed to
pass normally through the ferrofluid sample. The laser power was carefully aligned with the
detector to reach the highest possible readings when there was no sample at a detector-diode
laser distance of about 15 cm. This voltage increases linearly with the light intensity falling on
the detector.

3. Results and discussion
3.1 Structural and morphological analysis

Figure (2) illustrates the XRD patterns of the prepared samples. The XRD scanning range
of 26 was 20~ 80, which contains the most intensive peaks in the spinel structure. The peaks
located beyond 8(r are weaker than those in the mentioned range [15,17]. Phase analysis was
conducted by high score analysis. The NiosFe2s04 and the Nio7Fe2304 samples had a
reasonable match with Ni ferrite, which belonged to space group Fd3m [18-20], as shown in
Figure2(a) and (b), where the matching involved the planes (220), (311), (222), (400), (422),
(511) and (440). The non-exact matching peaks with the spinel structure belonged to small
residuals of NaCl and hematite. These peaks were cited at around 32°, 33.1°, 41.5°, and 49.5°.
Figure 2(c) shows the XRD pattern of the prepared hematite nanoparticles with a good
matching with the rhombohedral crystal structure with the R3c space group [21]. This Figure
clearly shows the matching between the pattern and the rhombohedral planes (104), (110),
113), (024), (116), (018), (214), (300), (101), and (220).
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Figure 2: The XRD patterns of (a) NiosFe2504, (b) Nio.7Fe2304, and (c) Hematite.

Figure3 displays the SEM images for the three samples. All images show that the three
samples have particles with nearly a spherical shape and a clear agglomeration. The particle
sizes were 25nm, 32nm, and 18nm for NiosFe250a4, Nio7Fe2304, and Hematite, respectively.
Some particles showed a polyhedral shape due to their crystallite size being very close to the
particle size, as shown in Figure3(a). Hematite, in Figure3(c), showed less agglomerations
compared to the ferrite particles, Figure3(a) and (b), because hematite particles generally have
a lower magnetic moment (saturation magnetization) compared to the ferrite particles.
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Figure 3: The SEM images of the prepared nanoparticles for (a) NigsFe2.504, (b) Nio.7Fe2304,
and (c) Hematite

3.2 Magnetic analysis

Figure4 shows the hysteresis loops of the three magnetic synthesized nanoparticles. The
ferrites NiosFe2504 and Nio.7Fe2304 show the usual soft loop with a slight coercive field,
while hematite displays an unsaturated curve. When x is changed from 0.5 to 0.7, Ni?* ions
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occupy octahedral sites governed by ionic radius. It begins to push Fe®" to tetrahedral sites,
causing opposite moments at octahedral sites. The drop in the saturation magnetization (Ms)
within the range (x= 0.5 - 0.7) is due to a decrease in Fe3* at the octahedral site (B), which
reduces A-B interaction and, therefore, Ms [22]. All samples are thought to exhibit super-
paramagnetic activity depending on the s-shape of the loops. These behaviors belong to
different reasons, such as different phases, those of ferrites and hematite, super-paramagnetic
state, and redistribution of cations. This is usually associated with very low coercivity
(<500e) and particle size (<30 nm) [23] for ferrites. It was found that the reduction in
magnetic coercive force (Hc) was mainly due to the decrease in particle size [24].

The sample with maximum Ms has a maximum value of remanence magnetization M, and
initial permeability y; because of the dependence of the latter parameters on the former one.
Saturation magnetization values of ferrite-based nanoparticles are lower than those of bulk
material (55 emu/g) [25]. Here, the Fe** and Ni?* cations content and their distribution are
responsible for the magnetism. The Ni?* ions prefer octahedral sites, and Fe3* is cited over
octahedral and tetrahedral sites [26].
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Figure 4: The magnetic hysteresis loops of the prepared nanoparticles.
Table.1 Some structural magnetic parameters of saturation magnetization for the prepared
samples.

Table 1: Some structural and magnetic parameters of the prepared particles

Average Saturation Magnetic Uil REMEIETES
. Crystallite a9 A 9 Permeability magnetization
Material : particle | Magnetization | coercive force
SIZ€ MM | size nm | M (emulg) Hc (Oe) Xi i
s emu/g.Oe emu/g
Nios5Fe2504 16 22 57 4 1.3 0.4
Nio.7F€e2.304 27 35 26 27.3 0.26 1.7
Hematite 14 20 unsaturated 1375 9.8*10° 0.17

3.3Calibration the power of the proposed optical gauss meter
Figure(5) illustrates the calibration of the fabricated power meter of the optical Gauss meter
compared to a standard light power meter (Sanwa power meter/Japan).
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Figure 5: The calibration curve of the fabricated power meter of the optical Gauss meter with
a standard light power meter.

The device’s working mechanism can be summarized as follows: the red laser light source
passes through the sample, which is influenced by the magnetic field generated by the coils.
Then the laser beam is received by the photo-detector and a digital voltmeter to measure its
modified power. The power with no sample was previously measured. The coils are
connected in series with the power supply to generate the variable magnetic field according to
applied voltage and current. The laser incident on the detector surface induces an electric
current that is transformed into a voltage signal at the output of the detector. This is amplified
by the amplifier, which can be measured by the digital voltmeter. Any variation in laser
intensity will be displayed as a readable digital voltage value. The changes in the magnetic
field (generated by the coils) produce variations in the power of the laser output from the
samples.

3.4 Calibration of the magnetic field in terms of coil current and distance

It is well-known that the magnetic field intensity (H) generated by the coils depends on
the current (1) passing through the coils, number of coil turns (N), and inversely on the coil
length (L), according to H= po N I/L [27], where p, is the permeability of the free space.
Figure 6(a) shows a linear relationship between the produced magnetic field and the current
passing through the solenoid. As the magnetic field is in Tesla units, according to the used
tesla-meter, this unit need to be converted to Ampere per meter (A/m) via dividing by (i)
permeability of vacuum. Figure6(b) shows the magnetic field induction (flux density)
dependence on the distance (d) between the two coils. The relationship between the magnetic
field (H) and the coil current is also linear.
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Figure 6: The magnetic field changes with (a) coil current and (b) distance.

5061



Lafta et al. Iragi Journal of Science, 2024, Vol. 65, No. 9, pp: 5055-5066

3.5 UV- Visible optical properties of the suspension
Figure7 shows the UV-Vis transmission spectra of the three sample suspensions. It is clear

that the samples have good transmission to the wavelength (623nm), it exceeded (65%) for
the three samples.
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Figure 7: UV-visible transmission spectra of the prepared suspensions. (a) Hematite Fe;Os,
(b) Nio.7Fe2304 ferrite, and (¢) NiosFe2504 ferrite

3.6 Laser transmission as a function of the applied magnetic field.

The laser output power of the water-suspended magnetic liquids as a function of magnetic
field intensity was collected by the photodetector, and the corresponding electric signal was
displayed by a digital voltmeter. Figure 8 depicts the change in light power versus magnetic
field intensity for the water-suspended magnetic liquids. At the beginning of the magnetic
field increase, the transmitted power increased sharply, and then it increased slowly to a stable
value. Figure8(a), for the sample Nio.7Fe2304, shows an increase in the transmitted power
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from 0 to about 2.5mW as the magnetic field increased from 0 to about 15mT. This behavior
is also shown in Figure8(b) for the sample NiosFe2s504 suspended in water where the
transmitted power reaches about 2.5mW at the field of value of 4.5mT. The reason can be
explained by the attraction and moving of the magnetic particles to regions of high field
strength, resulting in a reduction of light scattering with the increase of the applied field due
to the decrease in particle cluster formation. So, as in the weak field, the relation of the output
laser intensity with the applied field is almost linear. But as the particle cluster gets smaller or
even vanishes in higher fields, output transmitted laser intensity also tends to a saturated
value. In Figure8(c) for the hematite Fe.Oz sample, there is no observed variation in the
transmitted power. This can be related to the poor magnetization of this material, which is
already classified as weak ferromagnetic. It has been suggested that the reaction of nanofluids
to applied magnetic fields may be connected to their anisotropic microstructure and chain-like
alignments [28]. Magnetite nanoparticles having a diameter (d) and effective susceptibility ()
gain induced dipole moments (m) in the presence of an external magnetic field (H), and its
magnitude as given by [29,30]:

m==dyH (1)
If the exterior magnetic field grows in stages, the nanoparticle moments tend to coordinate
along the field direction, creating doublets, triplets, and small chains-like structures. Magnetic

nanoparticles thus form chain-like structures when exposed to the external magnetic field
[31].
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Figure 8: The transmitted power of the laser from sample suspensions in water.
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Figure 9 shows the variation of laser transmitted for the same samples suspended in
DMSO. It was found that most of the particles were collected at the bottom of the capillary

glass tube, allowing light to be scattered resulting in higher variation in the light passing
through it.
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Figure 9: Laser transmitted power for the sample suspensions in DMSO. (a) For Nio.7Fe2304
nanoparticles, (b) For NiosFe2504 nanoparticles, and (c) For Hematite nanoparticles.

The transmitted power through the NiosFe2504 sample is slightly higher than that for
Nio.7Fe2.304 due to its magnetic properties. The amount of change in the transmitted power is
generally higher in water by 2.5 times than in DMSO because the dispersion power is higher
for DMSO than that of deionized water. Also, the mobility of the particles in water resulted
from lower viscosity, i.e. the rotation of the magnetic particles in deionized water is easier
than in the DMSO material. This may be due to the viscosity of water (1.0016 mPa.s at 20°C)
and that of DMSO (.5 mPa.s at 20°C) [32]. As the liquid viscosity increases, the friction with
particles increases. This will require higher shear stress, stimulated by the magnetic field, for
rotating the particles in DMSO.

4. Conclusions

The nano Ni ferrite compositions NiosFe2504 and Nio.7Fe2.304 can change the laser power
of wavelength 623nm under the change in the applied magnetic field. This enables using the
proposed device with the applied suspensions for magnetic field intensity measuring based on
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the calibration curves of magnetic field intensity. The liquid matrix plays an important role in
the range of the possible reading values and the accuracy of each reading.
Conflict of Interest: The authors declare that they have no conflicts of interest.
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