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a b s t r a c t

Dual-frequency liquid crystals (DFLCs), the mixture of positive and negative liquid crystal (LC) molecules,
exhibit unique alternating (AC) frequency dependent anisotropic properties. Carbon nanotube (CNT), as a
novel nanomaterial with strong anisotropy, has attracted much attention in recent years. Herein, we
investigate the tunable terahertz birefringence and phase shift characteristics of the DFLC doped with
CNT (CNT-LC) by using the terahertz time-domain polarization spectroscopy. The results show that the
CNT-LC (1.5 wt%) can reach 0.5p at 0.793 THz, which can be used as a tunable THz phase shifter that is
0.12p higher than the pure DFLCs. Furthermore, through measuring the output polarization state, it is
confirmed that the dielectric anisotropy enhancement mechanism of CNT-LC originates from the surface
interaction between CNTs and LC molecules. Therefore, a tunable quarter-wave plate with the active
polarization conversion from linearly polarized (LP) to LP or LP to circularly polarized (CP) can be realized
at 0.925 THz in the CNT-LC, while the pure DFLC cannot be achieved at the same frequency. The dielectric
anisotropy enhancement of CNT-LC shows its utility in the improvement of various tunable terahertz LC
phase shifter and wave plate.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Terahertz (THz, from 0.1e10� 1012 Hz) waves have the superi-
ority of low photon energy, high penetrability and fingerprint
spectrum, which can offer great potential for application in security
screening, nondestructive detection, material spectroscopy and
wireless communication [1e4]. Benefit from the rapid develop-
ment of THz sources [5,6] and detectors [7,8], THz functional de-
vices are highly in demand to guide and modulate THz waves in an
efficient way, such as waveguides [9], switches [10], filters [11],
isolators [12], modulator [13], polarizers [14] and phase shifters
[15]. Phase and polarization, as the basic parameters of electro-
magnetic wave, not only carry valuable information but also
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manipulate the propagation state of THz waves. Therefore, high-
performance THz phase and polarization devices are urgently
needed for further development of THz technology and its appli-
cation system [16,17].

Over the past decade, liquid crystals (LCs) have attracted wide
attention in the development of tunable phase and polarization
control devices thanks to their large optical anisotropy, which can
be flexibly controlled by thermal, optical, electrical or magnetic
field [18e21]. The optical properties of LCs in the THz regime have
been extensively studied in recent years. Vieweg et al. reported the
nematic mixture BL037 with a high birefringence of about 0.20 in
the frequency range of 0.3e2.5 THz [22]. Pan et al. investigated the
ordinary and extraordinary indices of 5CB are no¼ 1.58 and
ne¼ 1.77, respectively, giving rise to a birefringence of Dn¼ ne �
no¼ 0.20± 0.02 from 0.2 to 1.0 THz [23]. Recently, Wang et al.
proposed a new LC mixture NJU-LDn-4 with a large birefringence
0.306 in a broad range from 0.4 to 1.6 THz [24]. Reuter et al. pre-
sented two high birefringence LC mixtures with Dn¼ 0.32 and
Dn¼ 0.38 in the frequency range between 0.2 and 2.5 THz [25].
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However, in order to the required high phase retardation (e.g., p/
2 or p phase retardation), the birefringence coefficient of the
currently existing LCs determines that the required thickness of the
THz LC cell should be several hundred micrometers, which is a key
problem in current THz LC devices. Hsieh et al. have accomplished
greater modulation of up to p/2 by using a lateral field to avoid
affecting the transmittance of the THz signals, but this design suf-
fered from a very slow response [26]. Lin et al. have proposed a self-
polarizing phase shifter with sub-wavelength metallic gratings as
both transparent electrodes in the range of 0.2e2 THz. However,
the driving voltage is still high and these electrodes were polari-
zation selective [27]. Most recently, highly transparent ITO nano-
whisker electrodes have been utilized in THz phase shifters, the
phase shift exceeding p/2 at 1.0 THz was achieved in a 517 mm thick
cell [28]. Unfortunately, large cell gaps often lead to several dis-
advantages such as poor pre-alignment, high operating voltage,
and slow response. These bottlenecks hinder the development of
the THz LC devices.

The dual-frequency liquid crystals (DFLCs), which consists of a
mixture of LCs with different anisotropy, exhibit positive (Dε>0) or
negative dielectric anisotropy (Dε<0) depending on the alternating
(AC) frequencies in an external AC electric field. Owing to its unique
AC frequency dependent dielectric features, application of DFLC has
been reported in various electro-optical and fast-switching devices
[29e31]. Chen et al. demonstrated an electrically controllable THz
metamaterial combined with DFLC cell, in which the resonance
frequency can be continuously moved by changing the AC fre-
quency of the external electric field [32]. Besides, G€obel et al. also
realized a tunable THz filter based on the DFLC [33]. Yu et al.
explored the AC frequency-dependent anisotropic property of DFLC
and its tuning rules in the THz regime, and a tunable quarter-wave
plate above 0.68 THz has been obtained in a 600 mm thick DFLC cell
[34]. In short, the DFLCs will be of great significance for active THz
phase and polarization control devices, which breaks through the
traditional working mode of rotation of LC molecules depending on
the voltage. Under a certain voltage, the orientation of LCmolecules
can be controlled by the AC frequencies, this unique working mode
not only ensures fast response, but also no longer relies on initial
anchoring. However, the birefringence and tuning range of the
existing DFLC in the THz regime are still small, and some im-
provements are urgently needed.

Carbon nanotube (CNT), a functional nanomaterial that pos-
sesses extremely anisotropic electric, magnetic, and optical prop-
erties, has drawn much consideration in the THz regime [35e37].
LCs are attractive hosts for the dispersion and manipulation of
CNTs, and the nanotube properties are also attractive for influ-
encing and tuning LC properties. Therefore, CNTs dispersed in LCs
represents an interesting anisotropic composite system, which can
not only enhance the orientation of LC molecules on CNT surface
but also improve the mechanical, electrical and electro-optical
properties of LCs, such as the large nonlinear optical effect
[38,39], the enhancement of electro-optical effects [40,41] and
dielectric and electrical properties [42,43]. However, the electro-
optical and dielectric anisotropic properties of the composite of
CNTs dispersed in DFLCs in the THz regime have been reported
rarely.

In this paper, we experimentally investigated the dielectric
anisotropic enhancement characteristics of the CNT-LC in the THz
regime. The tuning phase range of the CNT-LC (1.5wt%) at
0.793 THz is 0.5p, which is 0.12p higher than the pure DFLC,
thereby improving the working performance effectively. Further-
more, the CNT-LC (1.5wt%) can work as a tunable quarter-wave
plate at 0.925 THz when fAC¼ 100 kHz, which cannot be achieved
in pure DFLC under the same conditions. We have experimentally
and theoretically demonstrated that this dielectric anisotropic
enhancement at high AC frequencies is due to the surface interac-
tion of the CNTs inducing parallel orientations of the surrounding
positive LC molecules. We believe that the improvement of the
dielectric anisotropic by dispersing CNTs into DFLCs can provide an
alternative approach for high-performance THz liquid crystal
devices.

2. Materials and methods

CNTs used in our work are multi-wall carbon nanotubes with
the diameter of 10e20 nm and the length of 5e15 mm, which were
provided by Tokyo Chemical Industry (TCI) (CAS: 308068-56-6,
product code: C2150). The DFLC, a mixture of LCs, was obtained
from Jiangsu Hecheng Technology Co., Ltd. (DP002-016, HCCH,
China). It exhibits a positive dielectric anisotropy (Dε> 0) when the
AC frequency is below fc (crossover frequency) while turns to a
negative one (Dε< 0) at fAC> fc. The dielectric constants of this DFLC
are þ9.8 or �2.2 when fc¼ 1 kHz or 100 kHz at 25 �C, respectively.
CNT is mixed with DFLC to form CNT-LCs, and the CNT-LCs with
different concentrations from 0.75wt% to 3wt% are obtained. The
mixture was ultrasonicated for 4e6 h to reach dispersion of CNTs.
The CNT-LCs are added to fill a 0.5mm-thick LC cell, which is
fabricated by five parallel copper wires sandwiched within two
600 mm-thick fused silica substrates. The copper wires serve alter-
natively as positive and negative electrodes. The 4mmgap between
adjacent copper wires ensures the electric field intensity is uniform
and that the electrodes do not affect the transmission of THz waves,
as shown in Fig. 1c. A square wave voltage (1e100 kHz, 0e100 V) is
applied on the electrodes, and its AC frequency and intensity are
controlled by the signal generator and voltage amplifier. The AC
voltage is maintained as 100 V in our experiment, and the corre-
sponding field intensity is 25 kV/m. It is worth mentioning here
that the LC molecules are randomly distributed without any
alignment preprocessing in the absence of an applied electric field.

In addition, Fig. 1a shows the images of the CNT-LCs with a CNT
concentration of 1.5wt% using a 100�optical microscope when
applying an AC electric field of 0 kV/m, 25 kV/m (fAC¼ 1 kHz) and
25 kV/m (fAC¼ 100 kHz). The CNTs are randomly entangled into
aggregates without an AC electric field applied owing to the strong
van der Waals forces. After applying an AC electric field, the CNT
aggregates gradually form CNT chains arranged along the direction
of the external electric field at low AC frequencies, and these CNT
chains are unwound at high AC frequencies. The key reason is that
the existence of the surface interaction forces between the CNTs
and the LC molecules, so that the arrangement of CNT is affected by
the arrangement of LC molecules, which directly depends on
different AC frequencies. The detailed interaction mechanism will
be introduced in Section 3.4. Fig. 1b shows the terahertz time-
domain polarization spectroscopy (THz-TDPS) system. The detail
of this system and its data processing method can be found in
Supplementary Information.

3. Results and discussions

3.1. Tuning range of THz phase in DFLC enhanced by CNTs

The THz-TDS spectra of the four samples are measured by the
THz-TDPS system: pure DFLC without any CNTs labeled as LC (0wt
%), three DFLCs with different CNTs concentrations labeled as CNT-
LC (0.75wt%, 1.5wt%, 3 wt%). As shown in Fig. 1b, THz wave was
normally incident into the structure along the z axis with its po-
larization direction along the y axis, and the external electric field is
along the x axis defined as f¼ 0�. The THz polarizer behind the
samples is fixed at 0� in this section to detect the y-LP components.
Fig. 1d shows the normalized time-domain signals of the THz pulse



Fig. 1. (a) Optical microscopy photos of the CNT-LC in the absence or presence of an external electric field with different AC frequencies. (b) Experimental setup for phase and
polarization measurement of the samples. The THz polarizer can be rotated from �45� to þ45� . (c) Normalized THz time-domain signals of air, blank cell, CNT-LC (1.5 wt%) when
fAC¼ 1 kHz, 35 kHz, and 100 kHz. (d) The cross-section and geometric parameters of CNT-LC cell. (A colour version of this figure can be viewed online.)
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in the air, in the blank cell, in CNT-LC (1.5wt%) with the increase of
the AC frequency from 1 kHz to 100 kHz.

When the fAC increases from 1 kHz to 100 kHz, the time-domain
signal delays of the four samples shown in Fig. 1d and Fig. S4 are
increased, meaning that the refractive indices of the samples in-
crease correspondingly, as shown in Fig. 2. The tunable range of
refractive indices dn¼ ny (100 kHz)e ny (1 kHz) of the four samples
at 1.0 THz were obtained, for example, dn¼ 0.199 for the CNT-LC
(1.5wt%), which is larger than dn¼ 0.149 for LC (0wt%), so the
tunable range of refractive index is significantly improved after
doping CNTs into DFLC.

Fig. 3a further compares the relationship between the refractive
index of y-LP components and the fAC for the four samples at a
certain THz frequency of 1.0 THz. As can be clearly seen, the tuning
range of refractive index can be enhanced by dispersing CNTs into
the DFLC and a critical concentration of CNT is 1.5wt%. Similarly,
the tuning range of phase varying with the AC frequency can be
calculated by dd¼ dy (100 kHz)� dy (1 kHz), as shown in Fig. 3b, for
example, dd¼ 0.5p at 0.793 THz or dd¼ 1.0p at 1.34 THz for the
CNT-LC (1.5wt%), while the tunable phase range for the LC (0wt%)
is 0.38p or 0.73p with the same LC layer thickness, much lower
than the CNT-LC (1.5wt%). Therefore, the tuning phase range is
significantly increased at the same frequency point when CNTs are
dispersed in the DFLC, which can be used as a tunable THz LC phase
shifter.

3.2. THz dielectric anisotropy of DFLC

Next, we measured THz time-domain signals of ±45� LP com-
ponents for the LC (0wt%) and the CNT-LC (1.5wt%) by rotating the
angle of the THz polarizer in order to obtain the output polarization
states of samples. The amplitude and phase spectra of the two
samples can be obtained by using Fourier transform to the THz
time-domain signals of ±45� LP components. And thenwe calculate
the corresponding parameters according to eqns (6)e(8) of Sup-
plementary Information so that we can obtain their output polar-
ization ellipsis at a certain frequency. In this way, the orientation
status of DFLC molecules at different AC frequencies can be further
deduced, which confirms the unique dielectric anisotropy of DFLC.

In the first configuration of experimental geometry, we apply an
AC electric field along the x axis (f¼ 0�), and the polarization di-
rection of incident LP THz wave is along the y axis. As shown in
Fig. 4a and Fig. S5, the time-domain signals are delayed backward
when the fAC increases from 1 kHz to 100 kHz, but the pulses of
±45� LP components are always coincident without any phase
differences, suggesting that all the output waves in the whole THz
frequency range are close to LP states as shown in the insets of
Fig. 4a. Obviously, though the birefringence of DFLC has been
changed by the AC frequencies, the polarization state of the output
light does not change. The above results are obtained onlywhen the
polarization of the incident light is parallel or perpendicular to the
optical axis of the uniaxial crystal, so this experiment proves that
the main optical axis of DFLC always remains along the direction of
the external electric field (here is x axis), not depending on the AC
frequency.

In the second configuration, we rotate the external electric field
as 45� respect to the x axis (f¼ 45�). In this case, the main optical
axis of DFLC is 45� respect to the x axis, the polarization direction of
incident LP wave (along the y axis) is also 45� respect to the main
optical axis of DFLC. Meanwhile, the detected ±45� LP components



Fig. 2. Refractive index ny of the four samples in the THz regime as the AC frequency increases from 1 kHz to 100 kHz. (a) LC (0wt%); (b) CNT-LC (0.75 wt%); (c) CNT-LC (1.5wt%); (d)
CNT-LC (3wt%). (A colour version of this figure can be viewed online.)

Fig. 3. Refractive index curves v.s. AC frequencies (a) and tuning phase range dd between 1 kHz and 100 kHz (b) of the four samples: LC (0wt%), CNT-LC (0.75wt%), CNT-LC (1.5 wt%)
and CNT-LC (3wt%) in the THz regime. (A colour version of this figure can be viewed online.)
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are parallel and perpendicular to the main optical axis of DFLC
respectively, meaning that the obtained refractive indices here are
the ordinary (no) and extraordinary refractive index (ne) accord-
ingly. Here, if the DFLC is anisotropy (no s ne), the output polari-
zation state should be converted. As shown in Fig. 4b, when
fAC¼ 1 kHz, there is a phase delay between the two time-domain
signals of ±45� LP components, which means that the output
wave is a CP light at 0.75 THz, because the phase difference be-
tween the ±45� LP components is just 0.5p at 0.75 THz. Then, the
±45� LP components gradually coincide when fAC increases to the
crossover frequency fcz 36 kHz, so the output wave changes from
a CP light to a LP light. Lastly, when the fAC continues to increase to
100 kHz, the output wave gradually changes from a LP state to be an
elliptically polarized (EP) light due to a phase delay occurring again
between the two time-domain signals at 0.75 THz, and the rotation
of this EP light is reversed to the first CP light. The similar processes
can be observed in the experimental measurements of LC (0wt%)
by using THz-TDPS as shown in Fig. S6.

Furthermore, by using Fourier transform to the time domain
signals of ±45� components, the refractive index spectra for the
ordinary and extraordinary light of the LC (0wt%) and the CNT-LC
(1.5wt%) at different AC frequencies are obtained in Fig. S7. For
clarity, we select one THz frequency of 0.925 to draw the curves of
no and ne v.s. AC frequency in Fig. 5. It is clearly observed that the no
is gradually increasing as the AC frequency increases, while the ne is
gradually decreasing, so the change of the refractive index is from
ne> no to ne< no. And then, we can obtain the refractive index el-
lipsoids of the LC (0wt%) and the CNT-LC (1.5wt%) at different AC
frequencies, as shown by the insets of Fig. 5a and b. In brief, these
results confirm that the tuning mechanism of the DFLCs depends



Fig. 4. Experimental THz time-domain signals of the CNT-LC (1.5 wt%) as the fAC increases from 1 kHz to 100 kHz. (a) f¼ 0�; (b) f¼ 45� . The insets are their output polarization
ellipsis at 0.75 THz. (A colour version of this figure can be viewed online.)

Fig. 5. The refractive index curves of the two samples as the fAC increases: (a) LC (0wt%); (b) CNT-LC (1.5 wt%). (c) Schematic diagrams of the equivalent refractive index ellipsoids of
the CNT-LC (1.5 wt%) as the fAC increases from 1 kHz to 100 kHz. (A colour version of this figure can be viewed online.)
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on the change of its birefringencewithout changing its main optical
axis: from positive dielectric anisotropy to dielectric isotropy, and
then to negative dielectric anisotropy, which can be clearly
described by the schematic diagrams of the refractive index ellip-
soids shown in Fig. 5c. The detailed tuning mechanism of DFLC will
be introduced in Section 3.4. We then calculated the birefringence
Dn¼ ne� no as shown in Fig. S8, and the curves ofDn at 0.925 THz is
shown in Fig. 6c. First, Dn of the LC (0wt%) is closed to that of the
CNT-LC (1.5wt%) at low AC frequency of 1 kHz, for example at
0.925 THz, Dn¼ 0.207 for the LC (0wt%) and 0.21 for the CNT-LC
(1.5wt%). Second, when the fAC increases to 100 kHz, the birefrin-
gence of the CNT-LC (1.5wt%) is�0.162 at 0.925 THz, which is larger
than that of the LC (0wt%) (Dn¼�0.131). Therefore, the birefrin-
gence is gradually changed from positive to negative as the fAC in-
creases, and the birefringence at high AC frequencies is enhanced
by dispersing CNTs into DFLCs.
3.3. DFLCs with or without CNTs as tunable THz wave plate

Similarly, the phase difference Dd¼ de� do of the LC (0wt%) and
the CNT-LC (1.5wt%) can be also calculated, where de and do are the
extraordinary and ordinary phases, respectively. As shown in Fig. 6a
and b, at a certain AC frequency, the phase difference increases
linearly with THz frequencies; as the AC frequency increases, the
phase difference at each THz frequency can be tuned from a posi-
tive value to 0, and then to a negative value. The whole tunable
range of Dd is just the regime between the black curve and green
curves. If the phase difference Dd can be tuned from ep/2 to p/2,
this LC device can be used as a tunable quarter-wave plate to realize
the active polarization conversion between (LP to LP) and (LP to CP).
If the Dd can be tuned from ep to p, this LC device can be used as a
tunable half-wave plate to realize the active polarization conver-
sion from the LP to an arbitrary polarization state.



Fig. 6. The phase difference between the ordinary light and the extraordinary light of the two samples as the fAC increases: (c) LC (0wt%); (b) CNT-LC (1.5 wt%). (c) The birefringence
and the phase difference between the ordinary light and the extraordinary light of the two samples as the fAC increases. (d) The output polarization ellipsis of the two samples at
0.925 THz when fAC¼ 100 kHz. (A colour version of this figure can be viewed online.)
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Compared with LC (0wt%) and the CNT-LC (1.5wt%), the Dd of
the two samples are very closed at low AC frequencies, but the Dd of
the CNT-LC (1.5wt%) increases more at high AC frequencies. For
example, for the CNT-LC (1.5wt%), Dd¼�0.5p at 0.925 THz and
Dd¼�p at 1.57 THz, while the Dd of the LC (0wt%) is only �0.4p
and �0.84p for the LC (0wt%) at the same THz frequency. As a
consequence, it can significantly enhance the birefringence and the
phase difference by dispersing CNTs into LCs at high AC frequencies,
and then the device's operating performance is improved accord-
ingly. The output polarization ellipsis of the two samples at
0.925 THzwhen fAC¼ 100 kHz are also obtained as shown in Fig. 6d,
andwe also calculate the ellipticity c at this time, where c¼ 0 or ±1
indicating a perfect LP or CP wave, respectively. Here, c¼�0.72 for
the LC (0wt%) and c¼�0.98 for the CNT-LC (1.5wt%), whichmeans
that the CNT-LC (1.5wt%) canwork as a nearly perfect quarter-wave
plate at 0.925 THz, while the LC (0wt%) cannot realize this function.
3.4. Enhancement mechanism of dielectric anisotropy in CNT-LC

Next, we theoretically explain the above experimental phe-
nomena with the orientation status of LC molecules and CNTs as
shown in Fig. 7. Generally, A DFLC mixture is composed of two
categories of materials [44]: positive and negative LC molecules,
and the intrinsic dipole moments are located at the short axis of
negative LC molecules and the long axis of positive LC molecules.
The positive LC molecules exhibit positive dielectric anisotropy at
low AC frequencies, but the dielectric anisotropy decreases as the
AC frequency increases, which is the relaxation of dielectric
permittivity along the long axis of positive LC molecules. At the
same time, the negative LC molecules exhibit negative dielectric
anisotropy and the dielectric anisotropy remains almost constant
when the AC frequency is below the megahertz range. Thus, the
reason for the unique dielectric anisotropy of the DFLC mixture is
owing to the relaxation of dielectric permittivity of the positive LC
molecules [45,46].
In the case of pure DFLCs, both the negative and positive LC
molecules exist the molecular polarizing at low AC frequencies,
thus the positive LC molecules are oriented along the direction of
the external electric field, while the negative LC molecules are ar-
ranged perpendicular to the external electric field, and as a whole,
the DFLC shows positive dielectric anisotropy when fAC¼ 1 kHz, as
shown in Fig. 7a. At a high AC frequency electric field up to 100 kHz,
the positive LC molecules are no longer oriented along the external
electric field, because the strong relaxation effect (i.e. its delayed
response of high AC frequency electric field) eliminates the polar-
izing of positive LC molecules. While the negative LC molecules still
maintain the same molecular polarizing direction along the
external electric field. Consequently, the DFLC shows negative
dielectric anisotropy as shown in Fig. 7c.

For the mixture of CNTs and DFLCs, there is a more significant
surface interaction between the CNT cluster chains and the positive
LC with long ellipsoidal chain molecule [47,48]. But notice that the
polarizing effect of the external electric field on LC molecules is
stronger than that of surface interaction between CNTs and LC
molecules. As shown in the case at the low AC frequency of
fAC¼ 1 kHz in Fig. 7b, both the positive and negative LC molecules
can respond to the AC electric field, so the result is similar to the
case in Fig. 7a, and the CNTs are also oriented along the AC electric
field because of surface interaction between CNTs and LC mole-
cules. Additionally, the dielectric anisotropy of the CNT-LC is the
same as that of the pure DFLC in this case, and this experimental
result also indicates that even the CNTs with uniform alignment
have little affection on the dielectric anisotropy of the CNT-LC un-
der the low concentration. When fAC¼ 100 kHz, the positive LC
randomly arranged due to the polarizing relaxation, and the
negative LC still maintain the same molecular polarizing direction,
the surface interaction between negative LC molecules and CNTs is
enough to make the CNT chains unwound, and induce CNTs to align
along the orientation of the negative LCmolecules. In turn, the CNTs
also affect the orientation of the surrounding positive LC molecules



Fig. 7. Orientation states of DFLC molecules without or with different CNTs dispersing under different AC frequencies: (a) LC (0wt%), fAC¼ 1 kHz; (b) LC (0wt%), fAC¼ 100 kHz; (c)
CNT-LC (1.5 wt%), fAC¼ 1 kHz; (d) CNT-LC (1.5 wt%), fAC¼ 100 kHz. (A colour version of this figure can be viewed online.)
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arranged perpendicular to the direction of the external electric
field, thus enhancing the negative dielectric anisotropy of the DFLC
in this case, as shown in Fig. 7d. Overall, the reason for the
enhancement of dielectric anisotropy of CNT-LC is that the surface
interaction between CNTs and LC molecules makes a more uniform
arrangement of the positive and negative LC molecules at high AC
frequencies when the CNTs are added in the DFLC, rather than the
negligible dielectric anisotropy of CNT itself.

It is worthwhile to note that the CNTs cannot follow the reor-
ientation of the LC if the concentration of CNT is too large, because
the orientation imposed by the aggregation cannot be easily over-
taken, but if it is too small, the influence of CNTs on the properties
of LCs can even be negligible. Therefore, the concentration is a
critical parameter that is designed optimally as 1.5wt% in this work.
4. Conclusions

In conclusion, we have experimentally demonstrated that the
tuningmechanism of the DFLCs by using a THz-TDPS system, which
depends on the change of its dielectric anisotropy without chang-
ing its main optical axis as the fAC increases: from positive to
negative dielectric anisotropy. This unique AC frequency-
dependent anisotropic property originates from the different po-
larization relaxation response on the different AC frequency field
for the positive and negative LC in DFLCs. Moreover, we also
demonstrated that the reason for the negative dielectric anisotropy
enhancement of the CNT-LCs at high AC frequencies is the surface
interaction between the CNTs and the LC molecules. The results
show that the tuning phase range of the CNT-LC (1.5wt%) at
0.793 THz up to 0.5p, which can be used as a tunable THz phase
shifter that is 0.12p higher than the pure DFLCs. Furthermore, an
active polarization conversion from the LP to an arbitrary polari-
zation state can be realized at 1.57 THz in the CNT-LC, while the
pure DFLCs cannot be achieved within 1.6 THz frequency band. The
dielectric anisotropy enhancement of the DFLCs with the doping of
CNTs has significance for both THz LCs and CNTs materials, and
potential applications for tunable THz phase shifter and wave plate.
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