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THz Time-Domain Spectroscopic Studies of a
Ferroelectric Liquid Crystal in the SmA∗

and SmC∗ Phases
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We report complex refractive indices of a ferroelectric liquid crystal (FLC) ZLI-4654-
000 from 0.3 to 3.0 THz by THz time-domain Spectroscopy. Extraordinary and ordinary
refractive indices of this FLC in the SmA∗ phase (67.9◦C) as well as the SmC∗ phase
(58.1◦C) are determined. The birefringence of the FLC varies with frequency but is
comparable to its value in the visible, 0.13, while the imaginary indices of refraction in
both phases are ≤ 0.06. Absorption bands are found for ordinary waves in both phases
and e-waves in SmA∗ phases.

Keywords Ferroelectric liquid crystal; smectic; THz; far infrared; time-domain spec-
troscopy; birefringence; absorption

Introduction

Recently, there have been increasing interests in the study of liquid-crystal-based devices
for application in the sub-millimeter wave or THz (1 THz = 1012 Hz) frequency range.
Several THz photonic devices with nematic-liquid-crystal-enabled functionalities have been
demonstrated [1–7]. These include magnetically [1–3] and electrically tuned [4–6] phase
shifters with phase shift beyond 360◦ at 1 THz and a two-element Lyot filter that can be
continuously tuned from 0.388 THz to 0.564 THz [7].

With sub-millisecond response time, ferroelectric liquid crystals (FLCs) are widely
employed for display and other photonic applications in the visible [8–10]. They are, there-
fore, also attractive candidates for future THz photonic devices. For these applications, the
knowledge of the extraordinary and ordinary refractive indices, ne and no, as well as the
birefringence (�n = ne − no) of FLCs in the far-infrared (submillimeter wave) or THz
frequency range is essential. Employing THz time-domain spectroscopy (THz-TDS) [11],
we have shown that the THz (0.2–1.0 THz) birefringence of a well-known nematic LC,
4′-n-pentyl-4-cyanobiphenyl (5CB), is in the range of 0.15 to 0.21, while that of 4-(trans
-4′-Pentylcyclohexyl)-benzonitrile (PCH5) is from 0.01 to 0.08 at room temperature [12–
14]. About the same values of birefringence (∼0.2) were reported in the LC mixture, E7
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THz-TDS Studies of FLC in A∗ and C∗ 73

Figure 1. The configuration of the FLC cell and its geometry with respect to the incident terahertz
wave. (See Color Plate X)

(by Merck) [15] and a liquid crystal polymer [16]. High-frequency dielectric relaxation
of liquid crystals was revealed through a THz time-domain spectroscopic studies of liquid
crystal colloids [17]. Strong Terahertz dichroism of MBBA on rubbed substrate was ob-
served [18]. The isotropic liquid, liquid crystal and crystal phases of the bent-core liquid
crystal P-8-PIMB were found to be clearly distinguished by their THz spectra [19].

In this work, we employ THz-TDS to determine the refractive indices of a ferroelectric
liquid crystal from 0.3 to 3.0 THz, for the first time to our knowledge.

Experimental Methods

The cell was prepared by sandwiching the commercial available FLC, ZLI-4654-000
(Merck) between two fused silica windows. This FLC has a SmC∗ phase between
−10 and 65◦C and a SmA∗ phase between 65 and 69◦C. Homogeneous alignment of the
FLC was achieved by rubbing the substrates that was coated with polyimide (SE-130B,
Nissan). Precision-machined copper pieces, 289 ± 4 µm in thickness, were used both as
spacers and electrodes for biasing the FLC cell up to 1500 Volts. The cell was mounted in
a copper block for which the temperature can be varied and maintained within ± 0.1◦C.
The configuration of the cell and its geometry with respect to the incident terahertz wave
are shown in Fig. 1.

An antenna-based THz-TDS system with a collimated beam at the sample position [11]
had been used. A schematic of the THz-TDS system is shown in Fig. 2. Terahertz pulses,
generated by femtosecond-laser-excited dipole-type antenna fabricated on low-temperature-
grown GaAs, were collimated by an off-axis parabolic mirror and propagated through the
sample at normally incidence. A pair of parallel wire-grid polarizers, before and after the
sample, was employed in order to ensure the polarization state of THz wave. The THz fields
of extraordinary wave (e-wave) and ordinary wave (o-wave) are parallel and perpendicular to
the rubbing direction of FLC cell, respectively. The transmitted THz pulses were focused on
another dipole-type antenna gated by time-delayed probe pulses and oriented to detect THz
waves polarized parallel to the incident THz wave polarization. The beam size of the THz
wave through the sample was about 0.8 cm in diameter. Our THz time-domain spectrometer
can be purged with nitrogen and maintained at a relative humidity of 3.0 ± 0.5%.
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74 Tsung-Ta Tang et al.

Figure 2. The schematic experimental setup for THz time-domain spectrometer. PBS: Polarizing
Beam Splitter; P: polarizer; A: analyzer.

Results and Discussions

The complex optical constants are extracted from the THz-TDS in the usual manner. A
brief account can be found from our previous papers [12–15]. Details will be published
elsewhere. In Fig. 3, the THz-band real extraordinary and ordinary indices of refraction
of the FLC in both the SmA∗ phase (67.9◦C) and the SmC∗ phase (58.1◦C) are shown.
In the 0.3 to 3.0 THz range, we determine that ne varies between 1.54 and 1.59, while no

varies from 1.44 to 1.52 for the SmA∗ phase. For the SmC∗ phase, ne = 1.56∼1.64, and
no = 1.44∼1.51. The birefringence of ZLI-4654-000, �n = ne -no, is thus between 0.03
and 0.16, depending on the phase and frequency. In comparison, the birefringence for the
FLC in the visible region is reported to be 0.13 at 589 nm, according to the Merck data
sheet.

Figure 3. The THz-band real extraordinary and ordinary indices of refraction of the FLC in the
SmA∗ phase (67.9 ◦C) and SmC∗ phase (58.1◦C).
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Figure 4. Frequency dependence of the THz-band extraordinary and ordinary absorption coefficients
of the FLC in the SmA∗ phase (67.9◦C). To compare, both real and imaginary indices of refraction
are also shown. The dashed lines indicate possible positions of the absorption bands.

Figure 5. Frequency dependence of the THz-band extraordinary and ordinary absorption coefficients
of the FLC in the SmC∗ phase (58.1◦C). To compare, both real and imaginary indices of refraction
are also shown. The dashed line indicates possible position of the absorption band.
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In Fig. 4, we illustrate the imaginary indices of refraction of the FLC in the SmA∗

phase, κe and κo, the absorption coefficients, αe and αo, together with the real indices.
Corresponding data for the SmC∗ phase are shown in Fig. 5. The imaginary indices are in
general less than 0.06, while the corresponding absorption coefficients of the FLC are found
to be less than 5 cm−1 below 1 THz. Several broad absorption features can be discerned. The
dashed lines in Fig. 4 indicate the absorption peaks at 1.4 THz for e-waves and 1.75 THz for
o-waves, which coincide with anomalous dispersion region of the FLC in the SmA∗ phase,
as expected. The same absorption peak for o-wave is also observed in the SmC∗ phase as
indicated by the dashed line in Fig. 5. Further work is in progress for the identification of
these absorption features. We note that the data reported beyond 2.5 THz are less accurate
due to the signal-to-noise limitation of the THz time-domain spectrometer.

Conclusions

We report THz-band complex refractive indices of a ferroelectric liquid crystal (ZLI-4654-
000) measured by THz time-domain Spectroscopy. In the 0.3 to 3.0 THz range, extraordinary
and ordinary refractive indices of the FLC in the SmA∗ phase (67.9 ◦C) are determined to
be ne = 1.54∼1.59, and no = 1.44 ∼ 1.52. For the SmC∗ phase (58.1◦C), we find ne =
1.56 ∼1.64,no = 1.44 ∼ 1.51. The birefringence of the FLC is thus between 0.03 and 0.16,
depending on the phase and frequency, comparable to its value in the visible, 0.13. The
imaginary indices of refraction of both the SmA∗ and SmC∗ phases are ≤ 0.06. Several
broad absorption features can be discerned, for example, the ones near 1.4 and 1.75 THz in
the SmA∗ phase. These coincide with anomalous dispersion region of the FLC as expected.
Further work is in progress for the identification of these absorption features.

The present study indicates that ferroelectric liquid crystals are also potentially useful
for device applications in the THz frequency range. Faster response than that of devices
based on nematic liquid crystals is expected.
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