Advanced Optical Technologies

’ @ Check for updates

OPEN ACCESS

EDITED BY
Luca Varani,
Université de Montpellier, France

REVIEWED BY
Suchita Y.,

Guru Ghasidas Vishwavidyalaya, India
Sercan Aygun,

University of Louisiana at Lafayette,
United States

*CORRESPONDENCE
Karol A. Stasiewicz,
karol.stasiewicz@wat.edu.pl

RECEIVED 24 April 2024
ACCEPTED 04 June 2024
PUBLISHED 05 July 2024

CITATION

Niewczas M, Stasiewicz KA, Przybysz N,
Pakuta A, Paczesny J, Zbonikowski R,
Dziaduszek J, Kula P and Jaroszewicz LR (2024),
Technology and research on the influence of
liquid crystal cladding doped with magnetic
FesO4 nanoparticles on light propagation in an
optical taper sensor.

Adv. Opt. Technol. 13:1422695.

doi: 10.3389/a0t.2024.1422695

COPYRIGHT
© 2024 Niewczas, Stasiewicz, Przybysz, Pakuta,
Paczesny, Zbonikowski, Dziaduszek, Kula and
Jaroszewicz. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Advanced Optical Technologies

TvpPE Original Research
PUBLISHED 05 July 2024
Dol 10.3389/a0t.2024.1422695

Technology and research on the
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doped with magnetic FezO4
nanoparticles on light
propagation in an optical taper
sensor

Michat Niewczas™?, Karol A. Stasiewicz'*, Natalia Przybysz®,
Anna Pakuta®?, Jan Paczesny?, Rafat Zbonikowski?,

Jerzy Dziaduszek?, Przemystaw Kula* and Leszek R. Jaroszewicz*

*Faculty of Advanced Technologies and Chemistry, Military University of Technology, Warsaw, Poland,
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The results obtained for new dual-cladding optical fiber tapers surrounded by
liquid crystal (LC) doped with FezO,4 nanoparticles in a specially developed glass
cell are presented. The created structures are sensitive to changes in refractive
index values in the surrounding medium caused by modifying external
environment parameters. In this investigation, cells are filled with nematic LCs
6CHBT and with the same mixture doped with 0.1 wt% and 0.5 wt% of magnetic
nanoparticles (FesO4 NPs). The taper is made on a standard single-mode
telecommunication fiber, stretched out to a length of 20.0 + 0.5 mm, and the
diameter of the tapers is approximately 15.0 + 0.3 pm, with a loss lower than
0.5 dB @ 1,550 nm. Measurements are carried out in a wide range covering the
visible and infrared ranges in two setups: 1) without a magnetic field, with steering
only by voltage and 2) with an applied magnetic field. The presented spectrum
results are divided into two ranges according to the parameters of optical
spectrum analyzers: 350-1,200 nm and 1,200-2,400 nm. For all
investigations, a steering voltage is chosen from the range of 0 to 200 V,
which allows for establishing the influence of dopants on transmitted power
and time response at different arrangements. Due to the sensitivity of LCs to
temperature changes, this paper focuses on measuring at room temperature the
effect of the magnetic field on propagation in a fiber optic taper. The proposed
solution demonstrates the technology for creating advanced components as a
combination of fiber optic technology, LCs, and nanoparticles. The presented
results show the possibility of creating new sensors of various external factors
such as magnetic or electric fields in miniaturized dimensions.
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1 Introduction

Fiber optic technology is being rapidly developed for high-speed
data transfer, especially sensing applications. We are looking for a
“new material” to improve the device parameters or increase its
sensitivity. Fiber optics as sensors or sensor elements are used in
almost all areas of life, which include medicine (Baldini et al., 2008;
Ahamed et al., 2010; Zhang et al., 2022), energy conversion (Lohse
and Murphy, 2012; Huang et al., 2020), environmental monitoring
(Al-Qazwini et al., 2015; Butt et al., 2022; Kurzych et al., 2022), civil
engineering (Guo et al, 2021; Kurzych et al, 2020), industrial
production (Li-hui and Junfeng, 2023), aerospace (Taha et al,
2021), food safety (Chen et al., 2020), and telecommunication
(Dudek et al., 2014). This development and the requirement to
find new sensing solutions also require the search for new materials
that will improve or change the properties of current sensors. As a
result, modified materials are produced with new properties called
hybrids (Nealon et al., 2012; Hsu et al., 2017; Skarabot et al., 2018).
The use of extra materials surrounding the fiber creates possibilities
for applications due to light-matter interaction, that is, the change of
material properties manifests in the shifting of propagated light
characteristics like amplitude (Kim et al., 2019) or spectral shifts (Li,
2020). One of the exciting solutions that scientists are paying a lot of
attention to is combining fiber optic technology with LCs technology
(Wolinski et al., 2017; Markos et al., 2017) and nanomaterials (Blanc
et al,, 2022; Korposh et al., 2019).

The standard optical fiber technology has excellent resistance to
external interference in a measurement environment, which makes
it reliable and stable, and enables it to be used in many applications
in different places. However, to achieve a higher sensitivity and
broadband detection function, special processing procedures are
applied to modify the geometry of the fiber to allow light interaction
with an external material, which amplifies the detecting signals. The
processing methods include taper pulling, core-offset splicing, laser
etching, and side grinding and polishing (Zhao et al., 2019; Fu et al,
2022). The first one is the most popular technique based on flame
heating and simultaneously stretching and decreasing the diameter
of the fiber. The taper optical fiber (TOF) technology does not
require complex processing and expensive materials, and the
preparation cost is relatively low (Stasiewicz et al., 2022a). The
process of manufacturing is easy to control with high repeatability.
Owing to their structure, it is possible to manufacture different
transducers by changing their angular structure, sensing medium,
and sensing layer. It should be mentioned that a standard optical
fiber propagation of light is associated with an appropriate selection
of materials forming the cladding and core, with an appropriate
refractive index nNeores Neladding filling the Maxwell equation/
condition. The light beam can be propagated in two ways: based
on the phenomena of total internal reflection (TIR) in classic fibers
or the principle of photonic bandgap in photonic crystal fibers
(PCFs) (Katsunari, 2006). The change in the refractive index of
materials causes the modification of properties of the propagated
light in the form of modes. The value of normalized frequency V'
determines the number of modes propagating in the fiber and the
losses. This parameter, Eq. 1, is described as (Brambilla, 2010)

2
VZ = aT ncore2 - ncludding2~ (1)
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From the above formula, it can be concluded that the wavelength
(A) and the core diameter (a) also influence the number of modes
propagating in the fiber. These parameters are connected with the
phenomenon of evanescence wave. Owing to the TOF, the diameter
of the core and cladding can be controlled to expose the evanescing
field to the outer sensitive coating surrounding the TOF area. It is
directly related to the change in the standard optical fiber
geometrical parameters during the tapering technological process
(Brambilla, 2010). As the optical fiber is pulled out, the diameter of
the fiber is reduced, and thus, the part of the evanescent field
emerging in different regions of the TOF changes simultaneously.
The most sensitive area and the most important from the sensing
point of view in a taper is the waist region, that is, where the
evanescent field is the largest; see Figure 1.

As the diameter of the optical fiber decreases, an increase in the
diameter of the modulus field is noticeable. In the fiber’s waist area,
the structure is completely filled, and interacts with the external
environment, as shown in Figure 1. By adding a new material, we can
change parameters such as absorption or the refractive indices (RIs)
and affect the propagation of the beam inside the fiber (Stasiewicz
et al., 2022a; Brambilla, 2010).

The evanescent field is related to the penetration depth
parameter (d,) (i.e., how deeply the light beam penetrates the
cladding), which depends on the wavelength (A) and the value of
the core and cladding refractive index (RI — nNcores Neladding) for a
standard fiber before the tapering process; the penetration depth is
described by the formula presented in Eq. 2, (Brambilla, 2010; Tian
et al,, 2011):

d A
P 20 .2
2 ncare2 [ ncladdingz

where 0; corresponds to the angle of incidence of a plane wave on the

)

core/cladding interface.

In the taper waist area, the RI of the TOF and the RI of the sensitive
coating should be considered to estimate the d,, value. This evanescence
field effect observed in the TOF allows the use of an extra material in the
taper surroundings, forming a double-clad structure (Wang et al., 2018;
Tiwari et al,, 2017). Due to the described phenomenon, it is possible to
influence the light parameters by changing the boundary conditions by
replacing/creating new cladding with different chosen materials.

The exploration of new opportunities to control light beam
propagation or influence its parameters requires using new materials
or creating mixtures of well-known materials. The investigation
focused on ways to control light’s optical parameters using LCs as
found in Mo$ et al. (2022) and Lackova et al. (2024). As it is well
known, LCs (Jadzyn et al, 2010; Sengupta, 2013) are built of
elongated molecules, allowing to determine their anisotropic
properties such as ordinary #, and extraordinary n. Rls.
Depending on the alignment of the molecules to the light beam
propagation direction, a different RI value is detectable. LC
molecules can be easily reoriented by using an appropriate
electrical field (higher than the threshold voltage), temperature
(changes in structure), and magnetic field.

When looking for new possibilities for light beam control, the
authors have considered the possibilities of controlling optical
beam parameters using a magnetic field to especially change and
control the light beam parameters in the optical fibers’ element.
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Scheme of the TOF with selected main parameters and the visualization

Many works have reported on fully filling air holes of a PCF with
magnetic fluid (Miao et al,, 2011; Dufour et al., 2020), polymers
(Frazdo et al., 2008) or pure LCs (Larsen et al., 2003; Larsen et al.,
2003), or on surrounding tapers with magnetic fluid (Luo et al.,
2015; Shi et al.,, 2017; Layeghi and Latifi, 2018; Shi et al., 2018;
Stasiewicz et al., 2022b), as a detector of different acids (Das et al.,
2022), magnetometers (Chen et al., 2019), or magnetic field
sensors (Zheng et al., 2015). Most of these use changes in the
effective RI of the cladding structure (in tapers or air holes) and
hence effect a change in the propagation properties (Larsen et al.,
2003). In this article, we would like to show the possibilities and
effects of light beam steering by using nematic LCs doped by
different nanoparticles (Mo$ et al., 2022; Lackovd et al., 2024).
Referring to previous work with nanoparticles (Mos et al., 2022;
Stasiewicz et al., 2022b), the authors have decided to focus on
Fe;0, nanoparticles (Petcharoen and Sirivat, 2012). The
combination of these three elements/materials has many
benefits: the use of optical fibers over long distances,
minijaturization of the device, tunability of the device to a
different wave range, and low manufacturing costs, as well as
the possibility to react with a magnetic field.

The use of TOF and LCs has been known for many years
(Veilleux et al., 1990; Petcharoen and Sirivat, 2012; Korec et al.,
2019). It was possible to control LCs, but only at high threshold
voltages, and the LC cells were characterized by very high
the technology
associated with improving parameters is used as a novelty—the
use of appropriate spacers close to the diameter of the taper waist,

thicknesses. Nowadays, newly developed

use of the optimal type of LC, or use of a mixture of LC with other
materials such as NPs. Research was carried out on the influence of
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doping with Fe;O4 NPs to LC and on how the propagation
parameters change upon application of the magnetic field. Our
research team has investigated how NPs with LC affect light
propagation in the optical fiber and what occurs after being put
in a cell in a magnetic field. The results show how to elaborate a
new kind of device working in a different wavelength range and be
modified by different factors— electric or magnetic fields, or both.
In the research, LCs named 6CHBT were tested. The tests were
conducted on cells with pure LCs and a mixture of Fe;O, NPs
dispersed in the LCs. Thus, we can compare the results of adding
NPs to light propagation under voltage and temperature control.
Tapers were manufactured from standard telecommunication
single-mode fibers (SMFs) with a cutoff wavelength of 1,260 nm
(diameter of cladding: 125 um, core of approximately 9 um)—the
most popular and low-cost material produced by Corning”.

The next part of the article describes different kinds of materials
that were used for manufacturing the cell like 6CHBT nematic LCs,
Fe;0, nanoparticles, the procedure of mixing them, and the
technology of manufacturing the double-clad adiabatic taper as
the base element of the created devices and build measurement
systems for the investigation of sensors.

2 Materials and methods

2.1 Propagation of light in TOF with and
without LC cladding

The description of beam propagation in optical fibers is well
known and has been widely described in the literature (Katsunari,
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2006). The main feature of such a propagation is the guidance of
light inside a cylindrical core structure with an RI higher than that of
the surrounding sheath. The choice of RI differences determines the
losses and modality inside the fiber. For the wave description,
Maxwell’s equations are standardly used (Katsunari, 2006). As
the introduction states, a part of the power is propagated at the
boundary of the two media as a fading wave, which, in the absence of
a sheath, would be sensitive to changes in the external environment
conditions.

This article’s introduction describes many ways to remove/
modify the sheath, giving direct access to the wave propagating
in the optical fiber’s core. Here, bilateral constriction technology was
used to heat the fiber in a low-pressure gas torch using a
propane-butane oxygen mixture. The result of the tapering of
fibers was a change in core and cladding diameters, as well as an
increase in the mode field, which, for the taper waist, filled the entire
structure while interacting with the materials surrounding the
taper (Figure 1).

The change in boundary conditions is also directly related to
the change in optical fiber dimensions. The light is not
propagated at the core/cladding interface but at the air/new
cladding interface. The approximations used in the mode
solutions for a standard optical fiber, where the difference in
Rls is very small, are not applicable. The light beam interacts with
the structure’s surroundings in the TOF. The light beam
propagates in a whole taper structure, which becomes the new
core of the structure, and the surroundings become a cladding.
Due to the difference between the mediums and the diameter of
the taper waist, it should be mentioned that the created structure
possesses multimode propagation (Brambilla, 2010). The
transition regions are responsible for light transformation
from and to non-tapered regions. As described above, the
phenomena in an optical fiber taper structure are used to
create new devices that influence light propagating inside by
changing the external materials with variable properties
depending on different factors, e.g., oil detection (Li-hui and
Junfeng, 2023), biosensors (Tian et al., 2011), and temperature
(Wang et al., 2018). The connection of the TOF with various
materials has been widely described and used to build sensors,
filters, and amplifiers (Tian et al., 2011; Tiwari et al., 2017; Wang
et al., 2018; Mos et al.,, 2022).

Our previous paper focused on a detailed analysis of the
changes in the propagation of the light beam in a fiber optic
conductor provided by LC mixtures acting as a fiber optic
cladding. The anisotropic properties of LCs (Jadzyn et al,
2010) cause the possibility of changes in the RI depending on
the orientation of the molecules, which can be altered by external
parameters such as temperature and electric or magnetic fields. It
should also be mentioned that LCs have a higher RI than do fiber
optics, which determines that light uses the bandgap propagation
mode (Larsen et al., 2003; Larsen et al., 2003). In addition, the
substrates with orientation layers that make up the cell act as
additive resonant surfaces, which causes some of the light to
reflect off them and can be coupled back to the fiber cone. In a
standard SMF, the basic mode is propagated. When we tapered
such a fiber, the boundary conditions changed, and in
propagation, we observed many modes, especially in the taper
waist area. The fundamental mode began to be coupled with
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cladding modes, so the light beam was modified. The light leaked
from the taper’s structure to the LC cladding.

Here, an additional modification was made by doping the LC
with magnetic Fe;O4 NPs (Miao et al,, 2011; Larsen et al., 2003). This
allowed for enhancing the possibility of controlling the magnetic
field of selected parameters inside the LC structure, particularly the
orientation of molecules and their rotation.

2.2 LCs and NP materials

The starting material is a nanocomposite based on an LC
mixture with metal NPs, allowing for the study of optical and
electro-optical properties. Liquid crystalline material with a
positive Ae permeability value was used. The material is the
nematic LC 6CHBT (1-(4-hexyl-cyclohexyl)-4-isothiocyanato-
benzene) of the formula C;9H,;N;S;
temperature from the nematic phase to the isotope phase at

with the transition

42.8°C. In addition, this compound has a positive optical
birefringence value of An = 0.16. Table 1 presents the basic
parameters of 6CHBT (Jadzyn et al., 2010; Sengupta, 2013).
The parameter worth paying attention to is the LC RI, which,
in terms of value, is higher than the RI of silica (at room
temperature).

The doped with
ferromagnetic NPs, with 0.1% and 0.5% weight concentrations

above-described LC material was
of Fe;04 NPs in LC. For the prepared samples, we did not observe
agglomeration of NPs in the volume of the mixture or optical
losses during the research. Measurements were carried out at
room temperature and were focused on the influence of the
magnetic field, without testing for a change of LC properties
in a different temperature of LC such as the isotropic state.
have described the
influence of temperature and the change of propagation from

Previous articles and measurements
room temperature to the isotropic state (Korec et al., 2019). From
the literature investigation in an isotropic state, the mixture of LC
with nanoparticles causes a higher loss depending on the
distribution of the nanoparticles.

The synthesis of Fe;O, NPs capped with oleic acid was carried
out according to the protocol published by Petcharoen and Sirivat
(2012). In brief, 1.5 g of FeCl, - 4H,0 (>99%, Sigma-Aldrich) and 5 g
FeCl; - 6H,O (=99%, Sigma-Aldrich, CAS: 10025-77-1) were
dissolved in 100 mL of deionized, ultrapure water (Direct-Q°).
The mixture was heated up to 90°C with vigorous stirring and
argon flow, then 0.8 mL of oleic acid (90%, Sigma-Aldrich, CAS:
112-80-1) and 10 mL of 25% NH, - OH (aqueous solution, Sigma-
Aldrich, CAS: 7803-49-8) were added subsequently. The immediate
color change from orange to blackish was observed. The reaction
was continued (stirring, argon flow, temperature) for 15 min. After it
cooled down, the magnetic precipitate was rinsed several times with
deionized water and ethanol alternately. The final product was dried
at 60°C or room temperature.

Such prepared Fe;0, NPs were further examined. The structure
of magnetite was confirmed by using Powder X-ray Diffraction
(PXRD) (Petcharoen and Sirivat, 2012) (Figure 2A). The crystalline
size calculated using the Scherrer equation (Scherrer, 1918) was
749 £ 0.07 nm. A similar diameter (approximately 10 nm) of
nanoparticles was observed thanks to the scanning transmission

frontiersin.org
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TABLE 1 Properties of the used LCs: 6CHBT (Jadzyn et al., 2010; Sengupta, 2013).
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Diffractogram of synthesized FezO4 NPs capped with oleic acid. The background has been subtracted. Cu K(a) (A), STEM pictures of FesO4 NPs 30 eV
(B), size distribution of FesO4 NPs by number, according to dynamic light scattering measurements in toluene (C), and zeta potential of FesO4 NPs in

toluene (D).

electron microscopy (STEM) (Figure 2B). These results vary from
dynamic light scattering measurements of hydrodynamic diameter
in toluene (Figure 2C); however, it can be explained by partial
agglomeration of the particles, visible also in STEM pictures. The
average zeta potential of the nanoparticles in toluene was
approximately 0 mV (Figure 2D). The prepared ferrofluid colloid
in the organic phase (after solvent evaporation) served as the second
component to obtain a LC nanocomposite with Fe;O4 NPs.

Each mixture of NPs with LC was prepared by measuring an
appropriate amount, on the analytical balance, of NPs and LC,
which was placed in a 1.5-mL glass vial and then stirred in an
ultrasonic cleaner for 30 min at 45°C. Each sample was checked for
symptoms of NP agglomerations by organoleptic observations and
to further perform a size stability test of the volume using the
dynamic light scattering measurement method. The appearance of
agglomeration of nanoparticles in the provided research would
make it impossible to carry out further stages of research.

The measurement was carried out at room temperature. Two
N42 magnets with dimensions of 10 x 10 x 10 mm were used with
the following parameters: remanence induction Br: 1.28-1.32 [T];
coercivity HeB: min. 923 [kA/m] coercivity HcJ: min. 955 [kA/m];
magnetic energy density (BH): max. 318-342 [k]/m’].

Advanced Optical Technologies

This is possible at the initial stage by means of organoleptic
observation, and then to perform a size stability test of the volume by
means of the dynamic light scattering measurement method.

2.3 Technology

This section presents the manufacturing of an LC cell with TOF
and the arrangements for the influence of electric and magnetic
fields. Fiber Optic Taper Element Technology (FOTET) was used to
manufacture the tapered fibers (Figure 3A). The arrangement of the
FOTET has been widely described in previous articles (Mo et al.,
2022; Stasiewicz et al., 2022b). The setup allowed obtaining different
shapes of tapers: adiabatic and nonadiabatic. The main advantages
of preparing tapered fibers using the FOTET are full control of
elongation parameters like elongation length, burner movement,
and the distance from the fiber or step motor’s velocity (controlled
by an anti-gravity unit), and the diameter of the taper waist region.
All these offer the possibility of constructing different devices
without removing the manufactured taper. All procedures were
controlled by computers that were enabled for the precise
positioning of all elements. The optical power changes were

05 frontiersin.org


https://www.frontiersin.org/journals/advanced-optical-technologies
https://www.frontiersin.org
https://doi.org/10.3389/aot.2024.1422695

Niewczas et al.

10.3389/a0t.2024.1422695

Optical fiber Flame

Detector

Moving low pressure gas torch

FIGURE 3

CCD Camera

Elongation control unit

Step motor Laser

P

Tapered fiber (=15 um)

Glass substrate

Spacer
(=40 pm)

LCwith NP

Scheme of the FOTET system arrangement for the manufactured tapered fiber (A) and scheme of the investigated device (B).

constantly monitored during elongation using laser and a
photodetector connected to the opposite ends of the fiber. Thus,
attenuation after the completed tapering process could be easily
calculated. The FOTET enabled the creation of devices with
accuracy to single micrometers using the included charge-
coupled device camera the short (CCD) and software.

The parameters of the prepared tapers were the same as for the
pure LC systems presented before (Larsen et al., 2003). They were
characterized by low losses below a = 0.2 dB, which correspond to
the adiabatic taper profile ensuring the least possible losses;
elongation L = 20.20 = 0.05 mm; and the diameter of the taper
waist ¢ = 14.50 + 0.50 um (which means that the taper ratio is about
eight times) for a wavelength of 1,550 nm that corresponds to the
single-mode work of the used SMF. Such a taper in fact possesses a
double-clad structure when standard cladding becomes the first part
of cladding and the external environment becomes double clad.

The tapered fiber LC doped with NPs cells was prepared in the
next stage. The initial arrangement of the molecules was achieved
using the glass substrate covered with ITO (Indium Tin Oxide). The

Advanced Optical Technologies

obtained tapered fiber was placed between two electrodes,
maintaining an even gap between both the plates without
touching each other. The spacers with a diameter of ¢ = 40 um
were used to maintain the repetitive and established distance
between the electrodes. In this paper, the perpendicular
arrangements of taper and electrodes were investigated. In this
case, the alignment layer of the top and bottom electrodes was
perpendicular in direction to the taper axis. The prepared cells were
filled with pure LCs and LC doped with NPs. Filling of the prepared
taper cell with LC was carried out using capillary forces. After
inserting LCs with NPs into the cell, the quality of the liquid with
NPs was checked under a polarizing microscope. Figure 3A presents
the prepared and investigated LC cell with the taper and the cross
section of the alignment of its taper (Figure 3B). As can be seen, the
solution created is of small dimensions, approximately 5 x 20 mm
(cell), with a thickness of ¢ = 40 pm, as mentioned and developed
earlier (Mo$ et al., 2022; Korec et al, 2019). In the LC, Fe;0y4
nanoparticles were dispersed uniformly so that the created optical
taper is surrounded by them on all sides. In addition, such
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Scheme of applied arrangements for measurement: transmission in a wide range of 1,200 nm-1,800 nm (A) and in single-mode 1,550 nm to obtain

time courses (B).

dimensions of the device allow to control the magnetic field
generated by standard neodymium magnets. Thanks to the small
dimensions of the created device, it can be used in many solutions
such as interferometric systems, fiber-optic network sensors as
elements of distributed sensors, or elements modifying beam
parameters.

The measurements were carried out in a few steps. The first step
was connected with obtaining references of pure LCs and measuring
the influence of a magnetic field on light propagation inside the taper
structure. Only the medium RI, which can be described as the
medium molecule director, was considered in this investigation. The
second step was connected with measuring the influence of doped
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LC with Fe;04 NPs in the range of 0.1 wt% and 0.5 wt%, chosen as
the best configuration based on the literature data (Budaszewski
etal, 2019; Orlandi et al., 2016). Topological defects were induced in
the doped LC around NPs. Even small amounts of NPs significantly
influenced bulk material properties due to intermixing NP’s effects
on alignment layers and bulk properties (Urbanski, 2015). For the
prepared samples, we did not observe the agglomeration of NPs in
the volume of the mixture and optical losses during the research.
Additionally, to avoid the agglomeration of NPs, the mixture was
applied right before the measures.

Samples prepared in this way were tested at two stations. The
first was responsible for transmission measurements in a wide range,
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FIGURE 5

Spectra obtained for LCs: (A) 6CHBT (pure); (B) 6CHBT + 0.1 wt% FesO4 NPs; (C) 6CHBT + 0.5 wt% FezO4 NPs. The top row presents data under the
steering voltage range U = 0-200 V without modulation and without the external magnetic field. The middle and bottom rows show spectra obtained
when modulation with a frequency of 2 Hz for voltage from the range 0-180 V was applied. The middle row shows results without and the bottom with

the external magnetic field applied to the system.

ie, 1,200-1,800 nm (Figure 4A). The transmission measurement
system used a broadband light source, SuperK Extreme EXR-15
(NKT Photonics, Birkered, Denmark; operating in the
400-2,400 nm range), a splitter connected to the NKT Photonics
SuperK SPLIT laser range of near-infrared (NIR)/infrared and
visual/NIR, optical spectral analyzer AQ6375 (Yokogawa, Tokyo,
Japan; operating in the range of 1,200-2,400 nm). Limiting the SC
source range to the IR range was related to the properties of the
optical fiber used, with its working length in the single-mode regime
of the 1,280 nm range.

The second arrangement (Figure 4B) was built to measure the
time curves for 1,550 nm. For such a wavelength, the used fiber
possesses the lowest attenuation. The system consisted of the light
source TSL-210V (Santec, Aichi, Japan). The InGaAs Switchable
Gain Detector working in the range of 900-1,700 nm PDA10CS-EC
(Thorlabs, Newton, NJ, United States) was used. The data were
acquired using the digital oscilloscope DS7034 (RIGOL, Suzhou
New District, Suzhou, China), waveform generator DG1022
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(RIGOL, Suzhou New District, Suzhou, China), and voltage
amplifier A400D (FLC Electronics, Pendulum Instruments,
Malung, Sweden) for control and changes in voltage and for
controlling the orientation of the LCs.

All measurements were carried out at room temperature.

3 Results

The effect of the applied voltage with an additional external
magnetic field obtained by two magnets on changes in spectral
characteristics and time curves was investigated. First, we
evaluated the effect of pure 6CHBT LC and its influence (as
cladding) on light propagating in a wide range from 1,200 nm to
1,800 nm. Figure 5 presents spectral characteristics obtained for
6CHBT (pure) (Figure 5A), 6CHBT+ 0.1 wt% Fe;O4 NPs
(Figure 5B), and 6CHBT + 0.5 wt% Fe;O, NPs with voltage
steering in the range of 0-200 V without modulation
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Optical characteristics were obtained for pure LCs 6CHBT, with 0.1 wt% and 0.5 wt% FezO4 NPs, without a magnetic field, and with the external
magnetic field applied. The square shape of modulation with a frequency of 2 Hz for 160 V was applied.

(Figure 5C). The presented graphs show that 6CHBT LC as a
new cladding causes a decrease of power in the whole range,
which is connected with bandgap propagation, absorption, and
dispersion of LC molecules. Power was slightly increased for
pure 6CHBT, and voltage increased power in the new sensor. For
a device with LC with Fe;04 NPs, a slight increase of power in
the whole spectral range is observed. The most visible changes
were observed for LC with 0.1 wt% of FesO, NPs. The described
changes were caused by the influence of NPs, which were
disparaged in a whole volume of LCs, creating new centers in
which the orientation of the molecules was disturbed and,
consequently, the RI associated with the alignment of the
molecules had changed. For all cases, a complete
reorientation of the molecules was observed over 160 V. No
additional changes in RIs were observed above this value.

It should be noted that all measurements were carried out at
room temperature without changing it. As is known from the
literature (Wolinski et al., 2017), with an increase in temperature,
there is the change in Rls, and after reaching a suitable temperature,
the LC from a birefringent material turns into an isotropic liquid.
For this reason, at this stage of the research, the focus was on
determining the influence of the magnetic field and its
measurement.

The second part of the experiment focused on the connection
between the spectral characteristics and the steering voltage with
additional modulation of this signal with 2 Hz. During this
measurement, the influence of the external magnetic field on the
mixture of LC 6CHBT and magnetic NPs was investigated.

As the control voltage increased in the system without
modulation, a slight increase in power was observed for the
entire spectral range for pure 6CHBT, 6CHBT + 0.1 wt% Fe;O4
NPs, and 6CHBT + 0.5 wt% Fe;O,4 NPs. This is associated with a
complete tuning of the orientation of the molecules and a change in
the RI to a lower one for which the propagation conditions allow
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better propagation with lower losses. The change between 0 V and
160 V reached no more than 5 dBm for approximately 1,550 nm and
decreased with wavelength toward shorter wavelengths.

The middle row of Figure 5 presents spectral characteristics of
pure 6CHBT, 6CHBT + 0.1 wt% Fe;O4 NPs, and 6CHBT +0.5 wt%
Fe;0,4 NPs for voltage steering in the range 0-160 V and modulation
of 2 Hz without an external magnetic field. The bottom row of
Figure 5 presents the results with the same settings with an
additional external magnetic field applied.

Full reorientation of LC molecules occurs above 160 V. The next
step was to measure the effect of modulation of the control voltage as
on propagation in the optical fiber constriction. In all cases,
activation of modulation increased power, and the recorded
spectral characteristic carried the set modulation of steering
voltage. To fully illustrate the changes, the spectral characteristics
are plotted in a chart in Figure 6. The modulation of 2 Hz for
complete reorientation was set to 160 V.

Doping with magnetic NPs significantly increased the power
difference between modulated and non-modulated signals
(Figure 6). The most significant change was visible for 0.1 wt
% and the lowest differences were observed to pure LC 6CHBT.
The effect of the magnetic field on pure LC of 6CHBT was
negligible, and the differences with and without the magnetic
field were the same. Doping the LC with Fe;O,4 NPs changed the
properties, causing a reduction in the total power propagated
through the sensor but increasing the dynamic response
inflicted on the cell by the electric field. In Figure 5, we
present a comparison of the differences in dynamic change
during the modulation of electric signals without and with an
external magnetic field. The calculated dynamic change for pure
6CHBT for both cases without and with a magnetic field was
similar and equal to 2.63 dBm. By contrast, for 6CHBT + 0.1 wt
% Fe;O4, NPs, these values were equal to 5.66 dBm and
5.58 dBm, respectively, while for 6CHBT + 0.5 wt% Fe;0,
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FIGURE 7

Time courses obtained for a steering voltage range of 0-200 V at room temperature (25°C) without (A) and with (B) the external magnetic field
applied. The top row shows results obtained for 6CHBT (pure), the middle row shows 6CHBT + 0.1 wt% FezO4 NPs, and the bottom row shows 6CHBT +
0.5 wt% FesO4 NPs.

NPs, they were equal to 3.27 dBm and 3.54 dBm, respectively.  with 0.1 wt% Fe;O4 NPs increased the dynamic response two
The calculations for all graphs were based on data with  times, whereas for 0.5 wt% Fe;O,4 NPs, the dynamic response
uncertainty in the reading equal to 0.02 dBm. The doping increased about 1.5 times.
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Time courses obtained for a steering voltage of 160 V and modulation frequency 2 Hz at room temperature (25°C) for 6CHBT (pure), 6CHBT +0.5 wt%
FesO4 NPs, and 6CHBT + 0.1 wt% FesO4 NPs under the following conditions: (A) without a magnetic field; (B) with a magnetic field.

TABLE 2 Switch ON/OFF, overdrive, and relaxation times for 6CHBT (pure), 6CHBT +0.5 wt% FesO4 NPs, and 6CHBT + 0.1 wt% FezO, NPs under the
following conditions: without/with a magnetic field. All measurements and calculations are carried out with an accuracy of up to 2 ms.

6CHBT (pure) 6CHBT + 0.1 wt% FezO4

6CHBT + 0.5 wt% FE304

Switch ON time [ms]* Without magnetic field 27 14 224
With magnetic field 23 15 24
Switch OFF time [ms] Without magnetic field 39 33 1157
With magnetic field 29 22 19
Overdrive time *[ms] Without magnetic field 174 62 677
With magnetic field 154 11 61
Relaxation time [ms] Without magnetic field 203 226 1010
With magnetic field 180 95 109

Next, we carried out measurements of the time answer for
modulation provided due to the proposed arrangements
described in the section 2.3 Technology (Figure 4). The bottom
picture in Figure 7 presents the time courses obtained for a steering
voltage range of 0-200 V at room temperature for the described free
mixtures of pure 6CHBT, 6CHBT + 0.1 wt% Fe;O, NPs, and
6CHBT + 0.5 wt% Fe;O, NPs without and with the magnetic field.

A significant increase in the propagating light beam was evident
for all cases as the voltage increased. The addition of NPs resulted in
a power reduction. The largest change was recorded between pure
6CHBT and 0.1 wt% Fe;O4 NPs. The change was much smaller for
added 0.1 wt% compared to 0.5 wt% Fe;O, NPs. This loss is due to
the interaction of the leaking light beam with the NPs dispersed in
the LC and to the formation of inhomogeneities in the molecule
alignment in the volume of the LC. Placing the samples in a
magnetic field caused an additional power decrease for all
measurements. The decrease in power might have to do with the
alignment of the NPS according to the field lines and the formation
of a distorted LC layer around them with a different average RI,
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which directly affected propagation. Figure 8 compares time courses
obtained for a steering voltage of 160 V and modulation of 2 Hz
without and with magnetic field at room temperature.

Based on the obtained results, Table 2 presents the measured
times of switch ON and switch OFF, and the times of complete
reorientation of molecules (overdrive) and relaxation times of
molecules of the investigated devices. As a switch ON (OFF)
time, we assumed the time required for a change in the light
transmission through the investigated LC cell from 10% to 90%
(or vice versa) of its maximal value when the steering voltage was
switched ON (or OFF). Additionally, we calculated the delay times
of ON and OFF in which the measured signal achieved a stable
constant maximum or minimum power value after modulation
change. These parameters were connected with total overdrive
and/or relaxation of LC molecules in the whole volume of
measurement cell to the final or initial position.

The admixture of magnetic NPs caused a decrease in power,
which was related to the arrangement of the NPs around the taper,
causing absorption or dispersion of the leaking light. The admixture
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of 0.1 wt% of NPs enhanced the time of complete reorientation when
compared to the pure LC setup without a magnetic field. For 0.5 wt%
of NPs in a setup without a magnetic field, the times of complete
reorientation of molecules between ON and OFF times were
significantly worse than it was for pure LC. By applying a
magnetic field for both cells with different admixture levels of
NPs caused the ON and OFF times to be shorter than it was for
pure LC. In all cases, we saw a power reduction but at the same time,
a reduction in overdrive and relaxation times.

As can be seen from Table 2, an addition of 0.1 wt% of Fe;04 NPs
caused a decrease in switch ON and switch OFF time for both cases
without and with magnetic field compared to pure LC. The decrease in
times is in the order of 20%-30%. For the case of the addition of 0.5 wt%
of Fe;04 NPs without a magnetic field, the times of switch ON and
switch OFF were several orders of magnitude larger than were for pure
LC. This could be the effect of the arbitrary arrangement of nanoparticles
and their high concentration. As a result, the molecules of LCs do not
align in accordance with the field lines throughout the volume, which
affects the average distribution of the RI and at the same time increases
the loss in the propagation of the beam. In this case, the magnetic field
caused a significant reduction in time for this case. Times were similar
(ON time) or lower (OFF time) than they were in a pure 6CHBT.
Considering the liquid crystalline mixture of 0.5 wt% of Fe;O, NPs
alone, the application of a magnetic field results in a several-fold
reduction in ON and OFF times. In this case, the proposed solution
can be tentatively considered a magnetic field sensor. Such a significant
change might result from the formation of layers in an LC with different
RIs (different orientations of LC molecules) around the nanoparticles
aligned along the magnetic field force lines, and it additionally results in
the maintenance of the proper orientation of the molecules. The highest
decreasing times were observed for 0.5 wt% of Fe;O, NPs in all
calculated ON and OFF times and the complete reorientation and
release of molecules in the LC when the magnetic field was used. A
significant decrease of power in a whole range could be observed for such
concentrations, which was strictly connected to the absorption and
dispersion of light beams on NPs.

Furthermore, when considering the changes in overdrive and
relaxation times, it should be noted that the times with a magnetic
field are more than 50% less than they are for pure LC 6CHBT for
each degree of admixture of NPs. The admixture of 0.1 wt% of
Fe;O4 NPs results in a shortening of the full overdrive time by
more than 10 times than that for pure LC. For the system without a
magnetic field, the results obtained for the doping of 0.1 wt% of
Fe;O4 NPs show that the overdrive time is half as long and the
relaxation time is at a similar level. For doping with 0.5 wt% of
Fe;O4 NPs, both times are about five times longer than they are for
pure LC 6CHBT. For the presented results, it can be noticed that
the sensitivity of this device is strictly connected with the
parameters of the used LC and built measurement systems. The
visible influence of the steering voltage for a 40-pum cell can be
observed for 20 V; for this voltage, the orientation of the LC
molecules starts to affect light in the taper. For the range of steering
voltages and the applied magnetic field, sensitivity is strictly
connected with the accuracy of parameters of the optical
spectrum analyzer and can be calculated as 0.02 dBm per 1 V.
About the time measurement for a single wavelength, the
sensitivity of this measurement was calculated for 2 ms for each
change of applied field, electric or magnetic one. Additionally for
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the magnetic field, there was only the measurement of influence of
ON/OFF of the magnetic field and the sensitivity connected with
the resolution of the applied measurement.

When considering the most important limitations on the use of
LCs and the proposed solution, it is important to, first of all, note the
limitations related to the properties of the 6CHBT LC and their
response speed to a given signal, which is limited to single tens of
hertz, additional difficulties may be agglomerations of nanoparticles,
which may occur over time. In future research, we will focus on the
study and limits of magnetic field detection on a given system, and
temperature limit constraints.

4 Conclusion

We present a continuation of our previous works, showing the
possibilities of manufacturing optical devices using two
technologies: TOF and LCs with different NPs. As can be seen,
the use of different types of nanoparticles changes the parameters
of LC introduction, and depending on the nanoparticles used,
there are changes in both the propagation and ability to control the
LCs by electric voltage (better electrical conductivity), temperature
(increased heat capacity and formation of crystallization centers),
or as described in this article, a magnetic field (changes in the
position of nanoparticles in accordance with the lines of force of
the magnetic field, causing a change in the RI of the LC). It should
also be noted that the results presented here are for magnetic
nanoparticles that are sensitive to magnetic fields and allow
additional
Referring to the presented results, it should be noted that most
of the bulk magnetite is ferrimagnetic. That means it preserves

overdriving and changing of LC parameters.

magnetic properties after the removal of the external magnetic field
(hysteresis). However, magnetite nanoparticles of core size below
20 nm perform no hysteresis within the external magnetic field.
According to XRD and SEM analysis, the NPs used in the research
are most likely single-crystal particles (nanocrystals) of size
approximately 7 nm. Such particles are superparamagnetic, and
each particle behaves as a single magnetic domain. Therefore,
nanoparticles in our system can react immediately to the presence
and removal of the external magnetic field, this being the reason for
using Fe;O, nanoparticles. This article focuses on the possibility of
controlling the switching times and correction of overdrive and
relaxation times by a magnetic field in an LC cell doped with
magnetic Fe;0, NPs at room temperature. The addition of
sufficient magnetic NPs reduces the switching time of the
created cell, and the effect can be multiplied by applying a
magnetic field. The increase of doped NPs causes an increase in
interaction with the magnetic field over ten times, simultaneously
increasing losses in the whole range of investigated light.
Appropriate doping improves the working parameters for signal
detection with different switching ON/OFF times. It should be
mentioned that the optimum admixture value for optical
measurement is close to the 0.1 wt% of NPs, which modifies LC
material parameters and influences light propagating in the whole
structure in a wide range. The connection of LCs with NPs allows
for significant changes in their optical parameters, such as the
effective RI (medium molecule’s director) and overdrive and
relaxation times, which depend on the possibilities of work for
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a higher frequency. In addition, with the help of magnetic NPs,
light propagation can be influenced by indirect factors such as the
magnetic field. The application of the field influences the
alignment of the NPs with the field lines, changing the
molecules’ position around the taper and, thus, the average RI,
which directly influences light propagation. The results show the
possibilities of producing compact, miniaturized systems for
commercial application, which can be tuned by applying
various external stimuli.
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