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Abstract

Diffraction patterns formed by a ferronematic sample, which contains 4-(trans-
4-n-hexylcyclohexyl)-isothiocyanatobenzene (6CHBT) liquid crystal doped with
Fe;0,4 rodlike magnetic nanoparticles, was studied. The studied mixture can be
applicated as a liquid magnetic switch. The diffraction patterns were observed from
the micro-lines scribed on the polymer layer, which was contained by the liquid
crystal mixture cell, with dimensions of 4 nm for depth and 0.32 pm for width and
5000 line per 1 mm? in the case of absence and presence of the DC magnetic field.
From the experimental results, it was observed that the application of the magnetic
field caused more than 17% expansion in the diffraction patterns area at the focused
point, while the number of patterns was increased by 25%. This change in the
diffraction area due to the application of a magnetic field gives the motive to sense
the low DC magnetic field which could be useful in the application of liquid
switching.

Keywords: Liquid Crystal; Ferronematic; Diffraction patterns; DC low magnetic
field; Liquid magnetic switch.
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Introduction

The Liquid Crystals (LCs) have very interesting properties, since some of their phases are formed
at room temperature. This induced researchers to study and use these crystals in many applications due
to the relatively low cost, high reliability, and the simplicity of use in devices. One of the most
important findings related to the control of LCs by external fields was the threshold behaviour in the
reorientation response of LCs — an effect described by Fréedericksz and named after him as the
“Fréedericksz transition” [1]. The dielectric permittivity anisotropy of LCs is, in general, relatively
large; thus, driving voltages of the order of a few volts are sufficient to control the orientational
response. Therefore, most of the LC devices are driven by the electric field. On the other hand,
because of the small value of the anisotropy of diamagnetic susceptibility (x ,= 10" ), the magnetic
field H, that is necessary to align LC molecules, has to reach rather large values (B = poH ~ 1T).
Therefore, LC applications using magnetic fields are rather limited. Consequently, the increase of the
magnetic sensitivity of LCs is an important challenge, which can potentially broaden the area of
applications and may offer an opportunity to develop new devices [2]. Brochard and de Gennes [3]
first suggested theoretically the idea that could increase the magnetic sensitivity of LCs. According to
them, colloidal systems called “ferronematics”, consisting of nematic LCs doped with magnetic
nanoparticles in small concentrations, should respond to low magnetic fields of the order of tens of
Gauss. The properties of magnetic nanoparticles significantly depend on their size, shape, and
structure. Controlling the shape and the size of nanoparticles is one of the ultimate challenges in
modern material research. Hence, these particles can share their properties with the host LC,
enhancing the existing properties or introducing some new properties for the composite mixtures [4].
The optical properties of the Magnetic Fluid (MF) have attracted a great deal of attention of
researchers. These properties include tunable refractive index [5], birefringence [6], Faraday effect [7],
optical transmittance [8,9], optical scattering [10,11], and so on. Most of these are based on the fluid
behaviour and magnetism of the MF. Until now, several potential applications of MF to optical
devices have been proposed, such as MF optical switches [12], MF gratings [13], MF light modulation
[14], MF optical fibre modulator [15], and MF optical limiting [16]. Recently, some experimental
investigations about the magneto-optical effects of binary, multiple-phase, ionic, and doped MFs
showed that these kinds of MFs can present some unique optical properties [5].

The diffraction optics were used here for the detection of the intensity change of the diffraction
patterns due to the redistribution of patterns affected by the applied magnetic field. The diffraction
patterns can be generated by several methods, such as mechanically moving wedge plates [16], tunable
gratings [17], switchable gradient index lenses [18], polymer dispersed LC techniques [19,20], phase
modulating using spatial light modulator (SLM) [21,22], stretchable binary Fresnel lens [23], and
dual-frequency liquid crystal-based dynamic fringe pattern generator (LC-DFPG) [24]. In this work,
the diffraction patterns are generated from the micro-lines scribed on the polymer layer that is
sandwiched in the LC cell. The lens focal length is tuned to demonstrate the patterns by moving the
white screen (diffraction patterns screen) along the Z-axis to detect the high focus intensity
distribution of the transmitted light through the LC cell. The transmitted light intensity formed as
patterns on the white screen is changed due to an externally applied magnetic field. There are two
factors that play important roles in generating the diffraction patterns. The first is the tunable focal
length of the lens, which plays an important role in achieving the high-intensity diffraction patterns
and controlling the focal length with both ON and OFF settings of the applied magnetic field. The
second is the micro-scribing patterns on the polymer layer that modulates the intensity distribution of
the transmitted light through the LC cell (using micro-fabrication technology).

In the present work, we conducted an experimental investigation of the effect of applying a
magnetic field on the diffraction pattern of modes. This work may be helpful to better understand the
optical properties of nematic LC-doped MFs (ferronematic materials) and extend the applications of
MFs in the optical field, especially in optical switching applications.

The ferronematic LC composite, which is consists of rodlike magnetic nanoparticles were
presented as a novel material that is used as a liquid magnetic switch, depending on the diffraction
patterns. This allows the optical properties of ferronematic LC composite to be tuned or modulated
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and creates a new class of optical devices by utilizing features of the nanomaterial scale.The
diffraction process is the key to the optical control mechanisms of the order of the pattern of the light
[25]. Due to the influence of the doping, the LCs with the magnetic nanoparticles Fe;O, will control
the polarization as well as the wavefront of light through the diffraction.

Therefore, this work explores the potential of the rodlike magnetic nanoparticles in nematic LC to
serve as a magnetic switch (liquid opto-magnetic switch) to make the first step (open the field)
towards a truly magnetically optical switch by utilizing diffraction optics and nanotechnology.
Experimental Work

The ferronematic samples were based on thermotropic nematic 4-(trans-4’-n-hexylcyclohexyl)-
isothiocyanatobenzene (6CHBT), which was synthesized and purified at the Institute of Chemistry,
Military Technical University, Warsaw, Poland. The 6CHBT is a low temperature melting
enantiotropy LC with high chemical stability. The phase transition temperature from the isotropic
liquid to the nematic phase was found at 42.6°C. Doping was done by adding nanoparticles to the LC
in the isotropic phase under continuous stirring [2].

The 6CHBT LC was doped with a magnetic suspension consisting of rodlike Fe;O4 nanoparticles
coated with oleic acid as a surfactant, with volume concentration of 2x10°%. The average diameter of
rodlike particles was 16 nm and the mean length determined from the histogram of the size
distribution was 70 nm. The morphology and size distribution of the prepared rodlike particles were
measured by transmission electron microscopy (Tesla BS 500) and shown in Figure-1.

P
50nm - ,

Figure 1- TEM image of rodlike magnetic particles.

The liquid crystal composite cell fabrication is described in a previously published work [26]. The
dimensions of the cell were 5X5 cm® and the thickness was about 2 mm. The sample cell was
accurately set between ‘crossed’ polarizers as shown in Figures- 2 and 3. The source He-Ne laser with
a power of 5mW was emitting a linearly polarized light with a wavelength of 632.8 nm. The
propagation direction of the incident light was normal to the applied magnetic field. The cell sample
was placed inside the magnetic field in the vertical set to ensure a uniform horizontal magnetic field
effect on the sample region. The strength of the magnetic field can be adjusted by tuning the
magnitude of the current supply. The beam from the He-Ne laser was expanded by a beam expander
(4X- Thorlabs) and then passed through an iris to reduce the optical noise so that a suitable spot size
with uniform beam intensity can cover all of the cells. The light polarized with the x-axis polarizer
was passed through the cell. The LC composite cell generates fringe patterns that were expanded by a
projection lens (with focal length of 5 cm) and projected on a flat-panel screen. The projected fringe
patterns on the flat-panel screen were captured by a CCD with 12-megapixel resolution. The
photographic image and schematic setup are shown in Figures -2 and 3, respectively.
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Figure 2- Photographic image of the optical set-up to mvestlgate the dlffractlon patterns according to
the application of the magnetic field, with a zoom image for the designed cell.

Screen

Analyzer

Sample cell

Figure 3- Schematic representation of the optical set-up to investigate the diffraction patterns
according to the application of the magnetic field.

Results and Discussion

Considering the unique properties of MFs and ferronematic materials, doping MFs with nematic
LCs is attractive and needs further in-depth investigation. Experimentally, we investigated the effects
of applying a magnetic field on the diffraction pattern of modes.

The usage of ferronematic composite as liquid magnetic switch depends not only on the intensity of
diffraction patterns but also on the lens, which possesses controlling parameters on yielding the
diffraction patterns. This concurs by moving the white screen along the Z-axis in three states: before,
at, and after the focus point being at the ON and OFF set of the applied magnetic field.
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Diffraction patterns before the focus point

The white screen and then the CCD camera was located in different distances before and after the
focal length of the lens (focal point 5¢cm) as shown in Figure-4a-d. this done for both cases the
presence and absence of the magnetic field (with a maximum magnetic flux of 35 Gauss), as shown in
Figure- 4a—d. For more accurate recognition and characterization, the FFT image processing was done
to record the changes in the intensity and the patterns, as shown in Figure-4e-h.

Without magnetic field , 3cm before the focal
point

F4 - oV (2)

Without magnetic field, 4cm before the focal
point

I

/
With magnetic field, 3cm before the focal point

i 2 S
With magnetic field ,4cm before the focal point

Figure 4- The diffraction patterns (a,b,c, and d) and the corresponding FFT images (e,f,g, and h)
collected with different distance before focal length (3 and 4) cm with and without application of
magnetic field.
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Diffraction patterns at the focal point

Figure- 5a,b shows the diffraction patterns formed on the white screen when the focus point was set
at 5 cm for both states, i.e. the presence and absence of the magnetic field. The FFT image of patterns
at the presence and absence of the magnetic field is shown in Figure- 5¢,d. The figures show a slight
indication about the change in the distribution of the ferroparticles under the magnetic field influence.
The ferronematic molecules are electric, as well as magnetic, dipoles due to the movement of
electrons . Thus, these dipoles have their magnetic field that will be influenced by the externally
applied magnetic field, leading them to rearrange themselves with the direction of the applied
magnetic field. The orientation coupling between the magnetic particles (their magnetic moment m)
and the LC matrix (the director n) is strong. This coupling ensures that the effect of the magnetic field
on the particles will be transferred into the nematic host [27].

The diffraction methods were utilized a useful tool for the characterization of LCs doped with rod-
like magnetic particles induced by weak magnetic fields [28].

Without magnetic field, at the focal point
5cm

Figure 5- The diffraction pattern and the corresponding FFT image for spots at focal length. (a, c)
without the application of a magnetic field, and (b, d) with the application of the magnetic field.

Diffraction patterns after the focal point

The diffraction patterns formed on the white screenplaced after the focus point at 6 cm and 7 cm,
for both two-states of presence and absence of the magnetic field, are shown in Figure-6a—d, while the
FFT images are shown in Figure- 6e-h.
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Without magnetic field, 6cm after the focal point

Without magnetic field, 7cm after the focal point

With magnetic field, 6cm after the focal point

Figure 6- The diffraction pattern and the corresponding FFT image for spots after focal length. (a,e)
and (b,f) without the application of magnetic field; (c, g) and (d, h) with the application of magnetic
field.
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From the previous figures, it could be summarized that, after applying the FFT filter for the above
images, the intensity of the transmitted light was attenuated due to the application of the magnetic
field. Some observed parameters are illustrated in Table-1 for fringes in case of the absence of the
magnetic field, while Table-2 illustrates the fringes observation in the presence of the magnetic field.

Table 1- The behaviour of diffraction fringes in case of the absence of the magnetic field.

The dlamete_r of No. of fringes Order of further \./'S'b'“ty of
State the central fringe er/em frince fringes per cm
(mm) Y g
3cm 2.34 4 6 1.5
4 cm 2.29 4 8 1.7
Focal point 5cm 2.85 4 6 1.4
A=2.93
6cm B=333 4 9 1.9
7cm 2.82 4 7 1.7
Table 2-The behaviour of diffraction fringes in case of the presences of the magnetic field.
The diameter of . Visibility of
State the central fringe No. of fringes Order (.)f further fringes per cm
per/cm fringe
(mm)
3cm 2.34 4 6 15
4 cm 2.48 4 6 15
Focal point 5cm 2.38 5 8 1.7
A=2.6
6.cm B=357 4 8 2

The summary from Tables-1 and 2 is that the intensity of diffraction patterns is changed after
application of the magnetic field that makes the LC/magnetic particles composite work as a magnetic
liquid switch to the light transmitted through the cell, based on the increase of the pattern circle
diameter (area). In other words, more transmitted light gives bigger patterns circle area. The order of
fringes in case of absence and presence of magnetic field was stable for 3 cm distance, then decreased
to 6 for 4 cm distance. While in focal point its is increased. Then return to decrease after it.

The best condition to demonstrate the magnetic liquid switch was achieved when the white screen was
placed after the focal point, due to the performance of the polarized light transmitted through the cell
and the phase of the liquid crystal composite.

Conclusions

The liquid crystal 6CHBT/Fe;0, composite has novel properties, which were influenced by the
applied magnetic field. Using the diffraction optics, the intensity of the patterns was changed due to
the magnetic field application. The diffraction patterns area (or the pattern circle diameter) before the
focused point was decreased by 13%, while the number of patterns was decreases by 33.3%. However,
after the focused point, the area of diffraction patterns was expanded by 26% and the number of
patterns was increased by 30%. These outcomes make the ability to set the studied ferronematic as a
liquid magnetic switch depends on the intensity of the pattern. The results introduce the utilized
system for much application, such as those of holograms and 3D imaging.
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