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Abstract. This research investigates the integration of liquid crystals doped with magnetic nanoparticles into optical fiber 

systems to examine changes in light propagation parameters, particularly polarization. The study leverages the unique anisotropic 

properties of LCs and the tunable characteristics introduced by MNPs for novel sensor applications. Various concentrations of 

MNPs (from 0.1 to 0.5 wt%) are introduced into the 6CHBT liquid crystal matrix, and the effects of electric and magnetic fields 

on polarization parameters such as azimuth and ellipticity are analyzed. Results show that at a doping concentration of 0.1 wt%, 

significant exponential changes in these parameters occur, stabilizing above 120 V, while higher concentrations yield smaller 

linear changes. The polarization direction shifts from left- to right-handed with increasing concentrations of MNPs, and applying 

a magnetic field intensifies these effects. Overall, this work demonstrates the potential of the developed system for applications 

such as tunable optical filters and sensors for temperature, magnetic, and electric fields. 

Key words: magnetic nanoparticle, Fe3O4 NPs, liquid crystal, ferronematic, polarization measurement, in-line sensor   

1. INTRODUCTION 

One of the fastest-developing fields in technology and materials 

science today is liquid crystals (LC). Some of the most 

important areas of life where LCs are used include displays [1], 

temperature sensors [2-4], solar cells [5,6], biomedical 

applications [7,8], light propagation systems [9-11], and many 

others. As widely described in the literature [12,13], LC 

possesses a unique structure of elongated molecules that 

enables the introduction of anisotropic properties of refractive 

indices, referred to as ordinary no and extraordinary ne. These 

properties are present at temperatures below the isotropic point, 

above which anisotropy disappears. Not only does temperature 

affect the refractive indices, but applying the appropriate 

voltage can cause the reorientation of molecules, which in turn 

corresponds to changes in the refractive index. 

Another rapidly developing field is optical fiber technology. 

Nowadays, much research is focused on data transmission and 

using standard and photonic optical fibers to create a new highly 

sensitive sensor. Some of the most exciting applications of this 

technology are in medicine [14,15], energy conversion [16], 

environmental monitoring [17,18], aerospace [18], food safety 

[19,20], and plasmon resonance sensors [21-22]. The essential 

advantages of optical fiber sensors include immunity to 

electromagnetic interference, low weight, small size, high 

sensitivity, large bandwidth, and ease of optical signal 

transmission. 

Each of the mentioned technologies possesses its advantages 

and limitations, as described earlier. A new approach that could 

lead to the development of novel types of sensors or help 

discover new phenomena is a hybrid technology combining 

these two fields. An analysis of the literature shows that such 

solutions are becoming increasingly popular and are being 

explored by many research groups using various methods to 

combine liquid crystals and optical fibers. Among the most 

studied combinations of these two technologies is filling the air 

holes in a photonic crystal fiber (PCF) [23-25], which allows 

for changes in the effective refractive index; using LC as 

additional material in a polished standard single-mode fiber 

(SMF) region [26] or as cladding in a tapered optical fiber 

(TOF) [27,28] to increase sensitivity or to enhance the 

interaction between the leaked beam and the added material. 

An increasing amount of research is focused on the possibility 

of controlling light beam parameters using external factors such 

as temperature, humidity, pressure, electric fields, magnetic 

fields, and others. Many materials are sensitive only to specific 

factors, like LC for temperature and electric fields [25]. 

Combinations of different types of materials are often used to 

extend the influence of other factors on a base element. 

Currently, nanomaterials are undergoing rapid development 
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and are being used in various areas such as drug delivery [29], 

chemical and biological sensing [30], gas sensing [31,32], CO₂ 

capture [33], and other related applications [34]. Nanoparticles 

can also be used as additional materials that influence or modify 

the properties of base materials, including optical properties. 

Researchers have paid special attention to magnetic 

nanoparticles when analyzing the properties of both fiber optic 

and liquid crystal technologies. The possibility of using a 

magnetic field to change or control the parameters of a light 

beam in optical fiber elements was the main goal assumed by 

the authors. Recently, many studies have reported on filling the 

air holes of PCF with magnetic fluid [12], pure LCs [23] or 

surrounding tapers with magnetic fluid [35], as a detector of 

different acids [36], magnetometer [37] or magnetic field 

sensors [38]. This research continues the author’s latest article 

[39] and focuses on doping LCs with magnetic nanoparticles 

and measuring changes in light propagation parameters, 

including polarization. 

The next part of this article describes the most important 

materials, such as fibers, liquid crystals, magnetic 

nanoparticles, and setups for measuring polarization 

parameters, which enable the acquisition of all expected results. 

2. MATERIALS AND METHODS 

2.1. Materials for LC devices 

The basic element in which the optical beam is controlled or 

modified is the SMF-28 single-mode fiber from Corning 

(Corning, NY, USA). The choice of this fiber optic cable was 

dictated primarily by its ubiquity in applications, low cost, and 

single-mode operation in the telecommunications range, for 

which most measurement and transmission equipment is 

currently calibrated worldwide. The most important parameters 

include a cut-off wavelength of 1220–1300 nm, mode field 

diameter of 8.8–9.6 µm @1310 nm and 9.9–10.9 µm @1550 

nm, core diameter of 8.2 µm, and maximum attenuation of 

0.32/0.18 dB/km @1310/1550 nm [40]. To influence the beam 

propagated inside the fiber, it is necessary to change the 

boundary conditions, especially enabling interaction with the 

evanescent field [41,42] of the propagating light. The solution 

proposed in this paper and in our previous reports is based on a 

tapering process. This process reduces the optical fiber diameter 

and simultaneously increases the penetration depth of the 

evanescent wave, enabling interaction with additional materials 

such as LCs, metals, alkanes, and others. A structure that 

incorporates a taper and additional materials is referred to as a 

double-clad structure [43]. 

In our investigation, we used a taper manufacturing system 

called Fiber Optic Taper Element Technology (FOTET), 

employing a low-pressure gas burner torch. Previous articles 

have extensively described the setup and detailed operating 

principles [10,36,40]. This approach allows for manufacturing 

tapers with a waist diameter φ = 14.50 ± 0.50 μm and insertion 

loss below α = 0.2 dB @1550 nm (adiabatic taper profile), using 

different types of fibers. The length of such tapers was 

approximately L = 20.20 ± 0.05 mm, which enabled the 

optimization of the LC device in terms of both LC usage and 

the external dimensions of the cells. The thickness of the LC 

cell containing the taper was optimized with respect to the 

voltages necessary for full LC molecule reorientation and the 

spacer thickness of 40 μm [39]. 

The research used an optical fiber taper enclosed in liquid 

crystal cells filled with a ferronematic. A ferronematic is a 

stable colloidal suspension of monodomain ferromagnetic 

particles in a nematic LC host. Introducing nanoparticles allows 

for improving the electro- or magneto-optical properties of 

liquid crystals via a non-chemical method. When a magnetic 

field is applied, the magnetic particles change the orientation 

and direction of the LC molecules due to coupling between the 

nanoparticles and the LC molecules [39]. 

This study used the thermotropic nematic 6CHBT (4-trans-4-n-

hexylcyclohexyl-isothiocyanatobenzene), a low-melting LC 

with high chemical stability [44], provided by the Military 

University of Technology. All parameters were introduced in 

our previous research. The LC samples were doped with a 

magnetic suspension consisting of Fe₃O₄ particles with an 

average diameter of 10 nm. To avoid aggregation of the 

magnetic nanoparticles (MNPs), they were coated with oleic 

acid as a surfactant. The doping process was performed by 

simply adding the suspension under continuous stirring. 

Measurements were conducted for mixtures with different 

weight concentrations of magnetic particles: 0.1%, 0.2%, and 

0.5%. When particles are placed in a nematic LC, they cause 

deformations and topological defects in the LC. A key 

characteristic of LC colloidal dispersions is that elastic 

distortions of the director and disruption of the local order 

parameter near the MNPs lead to LC-mediated interactions 

between the particles. These interactions are not present in 

typical colloidal dispersions with isotropic fluids. As a result, 

MNPs show a much stronger tendency to aggregate in the 

anisotropic LC phase compared to the isotropic phase. The 

nematic mesophase develops when the temperature drops 

below the clearing point, leading to spontaneous MNP 

aggregation. 

The measurement setup for broad-spectrum measurements 

included a SuperK EXTREME supercontinuum light source 

from NKT Photonics, coupled to the LC cell with ferronematic, 

while spectral analysis was performed using a Yokogawa 

AQ6375 optical spectrum analyzer (OSA). The electric field, 

which controlled the alignment of LC molecules inside the cell, 

was generated using a Rigol DG4062 signal generator 

connected to an FLC A400D voltage amplifier. The magnetic 

field was induced by a pair of N42 neodymium magnets (10 × 

10 × 10 mm) with remanence induction Br: 1.28–1.32 T, 

coercivity HcB: min. 923 kA/m, coercivity HcJ: min. 955 

kA/m, and maximum magnetic energy density (BH)max: 318–

342 kJ/m³, placed on both sides of the LC cell. 

The polarization measurement system consisted of a TSL-210 

tunable laser from Santec, connected to a manual fiber 

polarization controller. The polarization state was analyzed 

using a PAX polarimeter with an external sensor head 

PAN5710IR3 (Thorlabs). This polarimeter has a high dynamic 

range of 70 dB and provides azimuth and ellipticity accuracies 

of ±0.25° on the Poincaré sphere, as shown in Figure 1. The LC 
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cell electric control system was the same as in the first 

measurement setup. All proposed measurements were carried 

out at room temperature on a passive, vibration-isolated optical 

table. All measurements were repeated at least five times.  

Fig.1. Polarization measurement setup: scheme of the LC cell filled 6CHBT+ 

Fe3O4. 

 

2.2. Magnetic nanoparticles (MNPs). 

The synthesis of Fe₃O₄ MNPs was as in our previous report. 

In short, the procedure involved dissolving 1.5 g of 

FeCl₂·4H₂O and 5 g of FeCl₃·6H₂O in 100 ml of de-ionized 

ultrapure water. This mixture was heated to 90°C under 

vigorous stirring and an argon flow. Once heated, 0.8 ml of 

oleic acid and 10 ml of 25% NH₄OH aqueous solution were 

added, causing an immediate color change from orange to 

black, indicating the formation of magnetite (Fe₃O₄). The 

reaction continued for 15 minutes under the same conditions. 

After cooling, the magnetic precipitate was thoroughly rinsed 

with alternating deionized water and ethanol and then dried. 

The resulting Fe₃O₄ nanoparticles were examined. Powder X-

ray diffraction (PXRD) con-firmed the presence of magnetite 

(Malvern PANalytical Empyrean). Scanning transmission 

electron microscopy (STEM) reveals nanoparticles with an 

average diameter of around 10 nm (FEI Nova NanoSEM 450), 

which agreed well with dynamic light scattering (DLS) 

measurements (Malvern ZetaSizer NanoZS). The zeta 

potential of the nanoparticles in toluene is measured at 

approximately 0 mV. The detailed characteristics of the MNPs 

used in this research can be found in our previous report [39].  

3. RESULTS AND DISCUSSION  

 The investigation was divided into two sections. The first 

section focused on measuring transmission parameters over a 

broad wavelength range of 1400–1600 nm. The selection of this 

spectral range was related to the single-mode operation of the 

optical fiber used. The lowest insertion loss was achieved 

within this range during the fabrication of the optical fiber 

tapers. Figure 2 presents the spectral characteristics for LC cells 

with various weight concentrations of MNPs: 0.0% (pure 

6CHBT), 0.1%, 0.2%, and 0.5%. In each graph, the 

transmission measurement of an empty cell without LC filling 

was used as a reference. For this research, the steering voltage 

range was kept consistent across all LC cell types, from 0 to 160 

V, without modulating the output signal. Measurements were 

conducted both with and without a magnetic field. The LC cells 

were fabricated with a perpendicular orientation of the 

alignment layer relative to the axis of the tapered optical fiber 

and were tested under identical external conditions. The cell 

filled with pure LC exhibited the highest transmission among 

all tested samples, with a maximum power value fluctuating 

around –42 dBm. However, it showed the lowest dynamic 

range change—approximately 1 dBm between the power level 

obtained at U = 160 V and the threshold power level at U = 20 

V. In contrast, for LC cells filled with ferronematic mixtures, 

the power level strongly depended on the wavelength and was 

significantly lower than that of the pure LC. This reduction 

resulted from the introduction of MNPs, which caused 

increased attenuation. Furthermore, the transmission was 

influenced by the presence of a magnetic field. Accordingly, the 

graphs show the calculated values of the difference between the 

maximum and threshold power levels. In all cases, the dynamic 

range increased when both electric and magnetic fields were 

applied, with the highest difference observed for the 0.2 wt% 

concentration. 

(a) 

(b) 

 

 

 

Without magnetic field; B= 0 T 
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(c) 

 

Fig.2. Transmission spectra were obtained for the LC cell filled with a) pure LC 

without a magnetic field and b) ferronematic with different wt. concentration of 

Fe3O4 - 0.1%; 0.2%; 0.5% without magnetic field; and c) ferronematic with 

different wt. concentration of Fe3O4 - 0.1%; 0.2%; 0.5% with magnetic field. 

 

The second part of the measurement focused on polarization 

analysis. Measurements were conducted using a single-mode 

laser with a wavelength of 1550 nm, corresponding to single-

mode propagation in SMF. The measurements were performed 

for both pure LC and LC mixed with magnetic nanoparticles. 

The main parameters measured were power, azimuth, and 

ellipticity, both with and without the presence of a magnetic 

field. In all cases, the initial polarization state was set to 

horizontal linear polarization using a mechanical polarization 

controller. 

Figure 3 presents the results for LC cells filled with pure 

6CHBT and those doped with 0.1 wt% Fe₃O₄. In this case, 

polarization measurements were carried out at various steering 

voltages UU, ranging from 20 to 160 V, with amplitude 

modulation (AM) at 1 Hz and 100% modulation depth. The 

100% AM with a square wave form enables two distinct states: 

ON (corresponding to 100% of the applied voltage) and OFF 

(voltage turned off). Therefore, the power level was normalized 

for all LC cells to emphasize changes in the power dynamic 

range between the ON and OFF states. Liquid crystals are 

birefringent materials. As expected, an input plane wave with 

initial horizontal polarization changed to an elliptical one. In the 

case of pure LC, both the azimuth and ellipticity were negative, 

indicating left-handed elliptical polarization, with total changes 

of 10° and 6°, respectively. The applied electric field decreased 

the azimuth angle and increased the ellipticity. 

(a) 

 

(b) (c) 

Fig.3. The azimuth and ellipticity values, corresponding to the applied steering 

voltages ranging from 20 to 160 V, were obtained for LC cells filled with:  

a) pure 6CHBT without a magnetic field, b) 6CHBT with 0.1 wt% Fe3O4 

without applied magnetic field; c) LC doped with 0.1 wt% Fe3O4 with applied 

magnetic field. 

 

Doping the liquid crystal with magnetic nanoparticles (MNPs) 

caused a significant change in the azimuth angle. In the case of 

the LC cell without a magnetic field, the maximum difference 

between the ON and OFF states reached nearly 100°, with the 

azimuth angle shifting from a negative to a positive value. 

Moreover, the ellipticity remained positive in this 

Under magnetic field; B> 0 T 
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configuration, ranging from 40° to 30°, and decreased as the 

applied voltage increased. When the magnetic field was 

applied, the azimuth angle in the OFF state decreased to 

approximately –30°, while the maximum value in the ON state 

remained unchanged at 40°. Simultaneously, the magnetic field 

had minimal influence on the ellipticity. 

The next tested MNP concentration in the LC was 0.2 wt%. The 

corresponding results, obtained with and without the 

application of a magnetic field, are presented in Figure 4. 

Increasing the MNP concentration resulted in a substantial 

reduction in the azimuth angle. As in the previous case, the 

azimuth angle changed from a negative to a positive value, 

ranging from –15° to 10° without the magnetic field, and from 

–17° to 2° when the magnetic field was applied. 

Additionally, the ellipticity of the LC with 0.2 wt% MNPs 

decreased. It remained positive but dropped to 12° without the 

magnetic field and to 7.5° with the magnetic field. The 

amplitude of ellipticity variation between the ON and OFF 

states in both cases (with and without the magnetic field) was 

small but nearly identical, at approximately 3.5°. 

(a) (b) 

Fig.4. The azimuth and ellipticity values, corresponding to the applied steering 

voltages ranging from 20 to 160 V, were obtained for LC cells filled with 

6CHBT + 0.2 wt% Fe3O4: a) without a magnetic field; b) with the applied 

magnetic field. 

 

The final examined concentration was 0.5 wt% MNPs (Figure 

5). In this case, the azimuth angle remained negative and 

decreased as the steering voltage increased. The magnetic field 

had minimal influence on the azimuth, which varied between –

7° and –13° in both measurement conditions. The ellipticity was 

very small, ranging from –2° to 2° without the magnetic field, 

and from –3° to 1° with the magnetic field. 

Unlike the other LC cells, above the steering voltage threshold 

of 20 V, the ellipticity remained nearly constant and was 

independent of the applied voltage.  

(a) (b) 

Fig.5. The azimuth and ellipticity values, corresponding to the applied steering 

voltages ranging from 20 to 160 V, were obtained for LC cells filled with 

6CHBT + 0.5 wt% Fe3O4 a) without a magnetic field; b) with the applied 

magnetic field. 

 

The graphs obtained for both pure and doped liquid crystals 

demonstrate that the shape of the signal, in terms of azimuth 

and ellipticity, did not perfectly replicate the square-modulated 

input signal. The visible rounding of the response during 

ON/OFF switching is attributed to the extended response time 

of the LC cells. As demonstrated in our previous study [39], the 

response times are strongly dependent on the concentration of 

MNPs in the LC host. The rise and fall times, as calculated in 

[39], were found to be the shortest for 0.1 wt% Fe₃O₄ compared 

to all other concentrations and pure LC when subjected to an 

external electric field. Furthermore, it was observed that the 

influence of the magnetic field on the switching dynamics 

increases significantly with the MNP concentration. In the 

present study, a near-square response for all measured 

parameters was observed only in the case of the 0.1 wt% doped 

cell, confirming its superior switching speed. As shown, doping 

LCs with MNPs significantly affects polarization-related 

properties, particularly azimuth and ellipticity. To 

quantitatively evaluate the impact of weight concentration and 

the presence of a magnetic field, the maximum changes in each 

parameter—ΔAzimuth, ΔEllipticity, and ΔPower—under the 

influence of electric and magnetic fields were calculated. Below 

is an example calculation for ∆Azimuth at 0.1 wt% Fe₃O₄ 

without a magnetic field: 

∆𝐴𝑧𝑖𝑚𝑢𝑡ℎ(20𝑉) = 𝐴𝑧𝑖𝑚𝑢𝑡ℎ𝑀𝑎𝑥(20𝑉) − 𝐴𝑧𝑖𝑚𝑢𝑡ℎ𝑀𝑖𝑛(20𝑉)

= −5𝑜 − (−47𝑜) = 420 

These calculations were also repeated for ∆Ellipticity and 

∆Power for each LC cell, both with and without the magnetic 

field. The obtained results are presented in Figure 6. 
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        (a)                             (b)                            (c)  

 

Fig.6. Switching range of a) azimuth, b) ellipticity, and c) power under electric 

and magnetic fields as a function of the wt% concentration of MNPs 

 

Compared to pure LC (0 wt%), a significant change in 

ΔAzimuth was observed for the 0.1 wt% sample. A slight 

increase in this parameter was also noted for 0.2 wt%. In both 

cases, ΔAzimuth was higher without the magnetic field. For 0.5 

wt%, the change in azimuth at a given steering voltage was the 

smallest, with ΔAzimuth falling below the value recorded for 

the pure LC. Regarding ellipticity, the 0.1 wt% MNP-doped LC 

exhibited the highest changes between different steering 

voltages. In contrast, ΔEllipticity for the other concentrations 

was lower than that of pure 6CHBT. Additionally, ΔEllipticity 

was consistently higher when a magnetic field was applied. 

In terms of power, the highest changes (ΔPower) were observed 

for both 0.1 wt% and 0.5 wt% concentrations. In all tested 

cases, the presence of a magnetic field led to an increase in 

ΔPower. 

In summary, the obtained polarization results indicate that a 

concentration of 0.1 wt% Fe₃O₄ significantly enhances key 

optical parameters, including azimuth and ellipticity, which is 

beneficial for sensing applications. However, it should be noted 

that increasing the concentration of MNPs results in higher 

optical losses due to light absorption by the nanoparticles and 

scattering effects. Moreover, LC molecules tend to anchor onto 

the nanoparticle surfaces, and at higher concentrations, this 

interaction can hinder the reorientation of LC molecules by 

disrupting the local order parameter. As a result, the switching 

effect becomes less pronounced. 

The discrepancies observed between lower concentrations and 

the 0.5 wt% sample may also be attributed to the increased 

tendency of MNPs to spontaneously aggregate at higher 

concentrations. Agglomerated nanoparticles can settle at the 

bottom of the LC cell, reducing the effective concentration of 

active particles, thus weakening the overall LC response—

potentially bringing it close to that of the undoped material [45]. 

Additionally, it is important to note that this experiment used 

standard SMF, which is not a polarization-maintaining optical 

fiber. Therefore, future studies should explore the use of 

polarization-maintaining fibers to ensure greater stability and 

control of polarization-dependent effects.  

4. CONCLUSIONS 

The conducted research on the influence of doping liquid 

crystals (LCs) with varying weight concentrations of 

magnetic nanoparticles (MNPs) led to the following 

conclusions: 

 

    Dependence of polarization parameters on MNP 

concentration 

    The degree of doping significantly affects the behavior of 

azimuth and ellipticity. For the 0.1 wt% concentration, an 

exponential change in both parameters was observed, 

followed by stabilization above 120 V. In contrast, at higher 

doping levels, only small linear changes in azimuth were 

recorded, while the ellipticity remained relatively constant. 

1. Pure 6CHBT exhibits left-handed elliptical polarization. 

Doping the LC with MNPs causes a shift in the 

polarization direction. At lower concentrations (0.1 wt% 

and 0.2 wt%), the polarization shifts to right-handed. At 

0.5 wt%, only a narrow voltage-dependent switching 

range between left- and right-handed polarization was 

observed. 

2. The application of a magnetic field enhances the 

differences in azimuth and ellipticity between the ON 

and OFF states. Specifically, the azimuth variation 

occurs over a narrower range, while the ellipticity 

increases. The most pronounced changes in both 

parameters were observed at the 0.1 wt% concentration. 

For the 0.2 wt% and 0.5 wt% concentrations, the changes 

were less significant or diminished. 

3. This study demonstrates that doping LCs with 0.1 wt% 

Fe₃O₄ provides optimal performance in terms of 

polarization response and signal modulation. At higher 

concentrations, spontaneous agglomeration of MNPs 

likely occurred, resulting in a decline in performance due 

to reduced homogeneity and increased scattering or 

sedimentation. 

 

The results also indicate that the performance of the proposed 

device can be further enhanced by using polarization-

maintaining optical fibers. Despite this, the developed LC-

based optical element already exhibits significant application 

potential—as a tunable wavelength filter or a multifunctional 

sensor for detecting temperature, magnetic fields, and/or 

electric fields. 
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