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Abstract: In recent years, solid state terahertz (THz) modulators have obtained rapid progress with
the widespread use of two-dimensional (2D) materials in the field of THz; however, challenges re-
main in preparing flexible THz modulators. In this study, flexible ferromagnetic nematic materials
were prepared by doping thermotropic nematic liquid crystals 5CB into magnetic fluids, and the
influence of hydrogen bonding in water was reduced by a self-made cyclic olefin copolymer (COC)
microfluidic chip. THz modulation characteristics of magnetic fluid and ferromagnetic nematic lig-
uid crystal (FNLC) under the induction of external magnetic field were compared using a THz time
domain spectroscopy system. Under the action of a 91 mT magnetic field, the magnetic fluid has a
maximum modulation depth (MD) of 54%. Under the same magnetic field, the maximum MD of the
FNLC materials increase to 78% because of the rearrangement of FesOsnanoparticles induced by the
topological defect of the liquid crystal. We demonstrate that the magneto-optical effect is signifi-
cantly enhanced in the ferromagnetic nematic liquid crystal hybrid system. This strategy of doping
thermotropic nematic liquid crystals to enhance the magneto-optical effect has great potential for
THz filtering, modulation, and sensing applications.

Keywords: magnetic fluid; thermotropic nematic liquid crystals; terahertz modulation; microfluidic
chip

1. Introduction

A terahertz (THz) [1-6] wave is an electromagnetic wave with the frequency range of
0.1-10 THz and the wavelength range of 0.03-3 mm, which is a promising frequency range
in the electromagnetic spectrum. In recent times, THz technology have made great pro-
gress in basic research fields such as biological diagnosis, medical imaging, and wireless
communication [7-11]. Artificial electromagnetic materials, such as photonic crystals
(PCs), metamaterials, and plasma elements, have been extensively studied and used to
modulate THz waves [12-14]. THz magneto-optical (MO) elements, controlled by an ex-
ternal magnetic field, are integral parts of the field of broadband amplitude modulation
[15, 16]. A magnetic fluid is the stable colloidal system composed of nanoscale ferromag-
netic particles that are highly homogeneously dispersed in some carrier liquids by surfac-
tants. Magnetic fluid has been used in the field of THz modulation, as a flexible composite
functional material because of its excellent MO effect. Shalaby et al. [17] used liquid sus-
pended magnetic nanoparticles (NPs i.e., magnetic fluid) to modulate THz waves at a very
low magnetic field. Liu et al. [18] used magnetic fluids and metamaterials to design a mul-
tifunctional THz wave modulator. The absorption peak of the metamaterials induced a
frequency shift of 33 GHz at low magnetic field intensity, resulting in a THz amplitude
modulation depth (MD) of 34%. Magnetic fluids, as flexible colloidal materials, broaden
the range of applications for THz modulators, but enhancing their MD becomes an urgent
problem.
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Liquid crystal is a partially ordered anisotropic fluid, thermodynamically located be-
tween the three-dimensional (3D) lattice of solid crystal and a flow controlled isotropic
liquid state. The development of liquid crystal photonics devices has gradually extended
from short-wave (e.g., visible and near-infrared bands) to long-wave directions (THz
band) because of its good broadband optical anisotropy and external field-controllable
electro-optical and MO modulation properties. Particularly, the combination of liquid
crystal materials with artificial micro-electromagnetic structures (PCs, metamaterials, and
nanomaterials) can result in new THz-tunable devices [19, 20]. Chen et al. [21] prepared a
THz metamaterial fast-response optical switch embedded with dual-frequency liquid
crystal. The dual frequency liquid crystal with the thickness of 50 um was electrically con-
trolled to produce the frequency tuning range of 15 GHz, and the response times for red-
shifting and blue-shifting of the transmission resonance peak were 1.044 and 1.376 ms,
respectively. Savo et al. [22] validated a THz spatial light modulator based on the function
of metamaterial absorber, achieving an MD of 75% through an electronically controlled
liquid crystal. Isi¢ et al. [23] proposed a compact metamaterial absorber with an MD of
more than 23 dB, 15% spectral tuning, and a response time of 50 ms. Liquid crystal nano-
science is an emerging area of research. Nanoparticle-doped liquid crystal composites
have been developed that have more tunable properties under the application of electric-
ity or magnetic field than conventional nanomaterials. [24].

In this study, THz time domain spectroscopy (THz-TDS) system and microfluidic
technique are used to compare the modulation characteristics of THz waves by magnetic
fluids and ferromagnetic nematic liquid crystals (FNLC). First, water-based magnetic flu-
ids were doped with thermotropic nematic liquid crystal 5CB, i.e., 4-cyano-4'-pentylbi-
phenyl, to prepare ENLCs. Then, we designed a microfluidic chip [25] with the detection
zone made of cyclic olefin copolymer (COC) material, that is transparent and has no sig-
nificant absorption peaks in the THz range, in order to reduce the experimental impact of
THz wave absorption by hydrogen bonds in water. The THz transmittance of a 2 mm
thick COC material exceeded 90% [26] (Figure S1). Finally, the chip was used to research
the THz modulation properties of the magnetic fluid and FNLC under an external mag-
netic field. Both exhibit broadband modulation performance in an effective frequency
range (0.3-2.4 THz). The maximum MD of magnetic fluid was 54% under the action of a
91 mT magnetic field and increased to 78% for the FNLC material under the same mag-
netic field because of the topological defects of the liquid crystal inducing the rearrange-
ment of FesOs NPs [27]. We demonstrate that the MO effect in the FMLC hybrid system is
significantly enhanced [28].

2. Materials and Methods
2.1. Material preparation

We purchased 5CB (4-cyano-4'-pentylbiphenyl, CisHwN, 98%) and magnetic fluid
(FesO4 NPs, 99.5%, particle size 20 nm, hydrophilic) from Macklin. The 5CB molecules are
oriented in a homogeneous arrangement, as thermotropic nematic liquid crystals, exhib-
iting dielectric anisotropy and refractive index anisotropy. The nematic liquid crystal mol-
ecules have a rod-shaped structure and orderly orientation, optically shown as uniaxial
crystals (Figure S2). In the experiment, the magnetic fluid was first released using deion-
ized water as the dilution solvent. During the dilution process, the sample solution was
sonicated for 1 h to make it fully miscible, allowing the magnetic NPs to be uniformly
dispersed in the aqueous base solution, and a magnetic fluid sample with a volume frac-
tion of 0.62% was prepared. Following that, 1 mL of nematic liquid crystal 5CB was filled
into an empty test tube using a pipette, and 3 mL of the configured magnetic fluid sample
was dropped into it using a pipette. Finally, using the small elasticity coefficient and top-
ological defects of the nematic liquid crystal, the sample was again sonicated in an ultra-
sonic cleaning machine for 1 h using the ultrasonic resonance fusion method, so that the
liquid crystal molecules and magnetic particles could be uniformly dispersed in the carrier
liquid and exist stably. Finally, FNLC with a volume fraction of 25% and 0.48% for 5CB
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and FesOs NPs, respectively, were prepared. Note that during the ultrasonic mixing, the
water temperature in the machine should be controlled below 40°C to ensure the quality
of the mixed sample solution.

2.2. Experimental devices

The THz-TDS system mainly includes femtosecond laser, time delay control system,
THz wave generation device and detection device, with effective bandwidth ranging from
0.3-2.4 THz (as shown in Figure 1). The laser uses a self-locking fiber femtosecond laser
(output power: 130 mW, center wavelength: 1,550 nm, pulse repetition rate: 100 MHz, and
pulse width: 75 fs). The output laser is divided into pump pulse and detection pulse by
using a polarization beam splitting (PBS). The former is coupled to the fiber optic wave-
guide antenna (BATOP bPCA-100-05-10-1550-x) through the time delay control system
for generating THz wave, and the latter is coupled to the fiber optic waveguide antenna
(BATOP bPCA-180-05-10-1550-x) for detecting THz wave. In the experiment, the micro-
fluidic chip was fixed between the off-axis parabolic mirrors. The THz waves penetrate
the sample-filled chip and are then picked up by the detection antenna and fed into a lock-
in amplifier for amplification. Eventually, the computer is used for data processing.

3 Modulat .

ion Driye

THz Generation Antenna

Figure 1. Schematic diagram of the THz-TDS system.

The THz microfluidic chip preparation flow in this study is shown in Figure 2. We
used COC material in the probe area of the chip and prepared the rest of the chip using
plexiglass (PMMA), due to the fact that sheet COC material is expensive and difficult to
obtain. The PMMA was first cut into 20 x 20 x 2 mm? sheet using the laser engraver cutting
function, and square hole of 10 x 10 x 2 mm? was cut in the sample probe area. Next, two
cylindrical channels of 5 mm in length and 0.7 mm in diameter were spotted on the left
and right sides of the upper side of the PMMA using the laser engraver spotting function,
and channels of 0.7 mm in diameter were spotted on the left and right sides of the chip so
that they were perpendicular and connected. The COC material is then cut to match the
size of the square hole and a 10 x 4 x 0.3 mm? sample probe area is milled in the center of
the material's side with a milling cutter. Finally, the COC material is embedded in the
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PMMA, the two materials and the holes on the left and right sides are sealed with hot melt
adhesive to avoid leakage. The upper left inner L-shaped channel of the PMMA is used as
the input channel and the upper right inner L-shaped channel is used as the output chan-
nel.

Carve holes
10mmx10mmx2mm

Drill out channel

Figure 2. Preparation flowchart of COC-based THz microfluidic chip

2.3. Experimental procedure

The prepared magnetic fluid and FNLC were sequentially injected into a microfluidic
chip, which was then placed in the THz-TDS system for the modulation research. The
experimental procedure of the magnetic fluid and FNLC modulation is shown in Figure
3. We used a DC circular electromagnet as the magnetic control source in the experiment.
By varying the input voltage, the magnetic field intensity around the chip can be adjusted
in the range of 0-100 mT. First, a polarizer is used to convert the THz beam into linearly
polarized light polarized along the z-axis. Then, the THz modulation characteristics of the
magnetic fluid and FNLC were investigated when the magnetic field direction was paral-
lel to the polarization direction (Figure 3 (a)) and orthogonal (Figure 3 (b)) to the polari-
zation direction, as the magnetic field direction induced the magnetic fluid and FNLC to
absorb THz waves, resulting in dichroism [29].
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Figure 3. THz wave modulation experiment of magnetic fluid and FNLC when the magnetic field
direction is parallel (a) and orthogonal (b) to the THz wave polarization direction.

3. Results

Figure 4 shows the experiment results of the 5CB, magnetic fluid and FNLC modu-
lating THz waves under the action of external magnetic field. In experiment, the electric
field of the THz wave is polarized along the z-axis. The ordinary wave propagates with
the magnetic field orthogonal to the polarization direction; the extraordinary wave prop-
agates with the magnetic field parallel to the polarization direction. The THz frequency
domain spectrum of the extraordinary wave passing through the magnetic fluid and the
FNLC under the control of the magnetic field is shown in Figures 4(a) and 4(b), respec-
tively. Figure S3 shows the THz frequency domain spectrum of extraordinary waves pass-
ing through 5CB under the control of magnetic field. The transmission amplitude of the
THz wave gradually decays as the applied magnetic field strength increases (0, 9, 15, 43,
91 mT). We calculated the curves of MD versus magnetic field strength for the 5CB, mag-
netic fluid and FNLC at 0.61 THz (Figure 4(c)), and the maximum MD of the magnetic
fluid is 54%. After doping the thermotropic nematic liquid crystal 5CB, the maximum MD
of the FNLC increases to 78%. We calculated the THz absorption coefficient curves for
5CB, magnetic fluid and FNLC using the flat-plate medium model illustrated in Support-
ing Information (Figures 4(d), 4(e) and 4(f)) to quantitatively verify the modulation prop-
erties of the three materials to THz waves. The absorption of THz wave by three materials
increases with the strength of the applied magnetic field, resulting in THz waves modu-
lation properties under the dominate of weak magnetic field. A quantitative comparison
of absorption coefficients reveals that doping liquid crystals into the magnetic fluid im-
proves its modulation ability to THz waves under the same magnetic field because the
reference signals of the three samples are the same deionized aqueous solution.
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Figure 4. Schematic of comparative experimental results of THz wave modulation by 5CB, magnetic
fluid and FNLC. (a) THz frequency domain spectrum of a magnetic fluid at different magnetic field
strength. (b) THz frequency domain spectrum of FNLC under different magnetic field strength. (c)
MD of 5CB (bule line), magnetic fluid (black line) and FNLC (red line) at 0.61 THz versus external
magnetic field strength. (d) THz absorption coefficient diagram of 5CB. (e) THz absorption coeffi-
cient diagram of magnetic fluid. (f) THz absorption coefficient diagram of FNLC.

4. Discussion

Magnetic fluid (i.e., FesOs NPs), as a good MO material, has significant application
prospects in THz sensing and modulation [31,32]. Chen et al. [33] demonstrated the mag-
netically induced tunability of the in-plane refractive index of FesOs NPs. Scholten et al.
[34] proved the birefringence effect and linear dichroism in magnetic fluid in 1980. In this
research, THz modulation experiment was carried out on the magnetic fluid in the pres-
ence of external magnetic field and the experimental result was similar to Shalaby et al
[17]. In the absence of an external magnetic field, FesOs NPs are randomly oriented to
generate a zero magnetic state, and THz waves undergo isotropic absorption. After the
application of the magnetic field, the NPs reoriented along the direction of the magnetic
field in Neal and Brown types of magnetic moments, forming chain-like clusters. The for-
mation of clusters makes FesOs NPs have good linear dichroism, and their absorption of
THz waves depends on the angle between magnetic field and THz polarization directions
[17, 33-35]. Compared to the isotropic case, the absorption of ordinary wave by the mag-
netic fluid decreases, and the transmission increases, whereas the absorption of magnetic
fluid for the extraordinary waves increases and the transmission decreases (Figure 5(a)).
The following three mechanisms explain THz wave attenuation when traversing a mag-
netic fluid via a magnetic fluid. The first is Rayleigh scattering, which occurs during the
formation of clusters in the direction of the magnetic field. It is a tunable characteristics of
THz waves under magnetic control caused by structural changes. The second is the virtual
component absorption of cluster magnetic polarization, an eddy current loss in colloidal
particles by THz waves under the action of external magnetic field. Due to the low mac-
roscopic conductivity between magnetic fluid. The value of the or is stable at approxi-
mately 5 x 10-¢ S/m (Figure 5(b)). This absorption can be ignored. The third is the virtual
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component absorption of cluster electric polarization, which represents the current gen-
erated in colloidal NPs. Even in the presence of weak magnetic field, this component will
lead to significant attenuation, making it the main mechanism of light absorption in this

(b)

study.
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Figure 5. Schematic of THz modulation in magnetic fluid and FNLC. (a) The arrangement of FesOs
NPs under magnetic field and its effect on THz propagation. (1) NPs are randomly oriented and
THz undergoes isotropic absorption. If the direction of the NPs is orthogonal (2)/parallel (3) to the
THZz electric field direction, the absorptivity will decrease/increase. (b) The real part of the magnetic
fluid complex conductivity curve. (c) Schematic diagram of hedgehog defect. The interaction be-
tween colloids, which are bipolar and lead to linear chains. (d) Schematic diagram of Saturn ring
defects. The interaction between colloids, which are quadrupolar and lead to zigzag chains.
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After repeated experiments, the maximum MD of the magnetic fluid amplitude mod-
ulated THz wave is maintained in the range of 50%-55%. To enhance the MD, we propose
the following strategy. To prepare FNLC, thermotropic nematic liquid crystal 5CB was
doped into the magnetic fluid. When a liquid crystal, a material that has high birefrin-
gence, low absorption loss, and tunable properties through external fields in the THz
band, is mechanically coupled to FesOs NPs, the surface anchoring of the magnetic parti-
cles leads to the nematic ordered reconstruction of particles [36], increasing the weak mag-
netic interaction to a certain extent. This is mainly due to the extremely small elasticity
coefficient of liquid crystals compared to solid-state materials, implying that topological
defects can only extend to the size of a few atoms in a solid-state, but topological defects
in liquid crystal can extend to tens of microns. When colloidal particles are doped into the
nematic liquid crystal, the orientation of the nematic molecules is disturbed locally due to
the interaction between the liquid crystal molecules and the surface of the colloidal parti-
cles. The disturbance propagates on the micro and nano-scale, which can be considered
as an elastic deformation of the nematic liquid crystal. Topological defects will be induced
when FesOs NPs are dispersed in nematic liquid crystals. Saturn ring and Hedgehog de-
fects can be observed under different anchoring conditions of magnetic particles. The mu-
tual attraction of defects has the chain cluster effect of particles, implying that the dipole
interaction of hedgehog defects causes FesOs NPs to form linear chains, whereas the quad-
rupole interaction of Saturn ring defects forms zigzag chains (Figures 5(c) and 5(d)) [27].
This cluster effect induced by liquid crystal topological defects reduces the specific surface
area of FesOs NPs and enhances the Rayleigh scattering of THz waves, boosting their abil-
ity to modulate THz waves. The maximum MD increases to 78%.
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Figure 6. Scattering coefficient curve of 5CB, magnetic fluid and FNLC under 91 mT magnetic field.

To quantitatively illustrate the effect, we have calculated the scattering coefficient as
of 5CB, magnetic fluid and FNLC under the action of 91 mT magnetic field based on the
extended Lambert's law.

I = Jje~(@a+asl 1)
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where I represents the intensity of outgoing terahertz light, Io represents the intensity
of incident terahertz light, aa represents the absorption coefficient, os represents the scat-
tering coefficient, and 1 represents the sample thickness. The calculated results are shown
in Figure 6. After doping with liquid crystals, the scattering coefficient of the magnetic
fluid increases significantly, indicating that the liquid crystal-induced chain cluster effect
increases its ability to scatter THz waves and the ability of the magnetic fluid to modulate
the amplitude of THz waves. This strategy, which is based on the resonant coupling of
liquid crystal to magnetic particles, provides great potential for applications in actively
tunable THz functional devices.

5. Conclusions

In this research, THz wave modulation properties of magnetic fluid and FNLC under
the control of an external magnetic field were compared on the THz-TDS system using a
self-made COC THz microfluidic chip. Both materials exhibit broadband modulation per-
formance in the THz frequency range of 0.3-2.4, with a maximum MD of 54% for the mag-
netic fluid. After doping the magnetic fluid with the thermotropic nematic liquid crystal
5CB, the FesOs NPs undergo a chain cluster effect because of the induction of liquid crystal
topological defects, increasing the maximum MD of the amplitude of the THz waves to
78%. This strategy of doping thermotropic nematic liquid crystals to enhance the MO ef-
fect shows great potential for applications in THz filtering, modulation, and sensing.

Supplementary Materials: Figure S1: THz transmission spectrum of 2 mm thick COC material. Fig-
ure S52: Schematic diagram of phase sequence and structure of thermotropic molecules. Figure S3:
THz frequency domain spectrum of a magnetic fluid at different magnetic field strength.
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