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THz generation by optical rectification of
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In this study, we propose the generation of broadband terahertz (THz) radiation from a liquid crystal with large
birefringence in the THz range, pumped by 800 nm femtosecond laser pulses based on optical rectification. Our
measurements revealed that the THz amplitude depends on the orientation of the liquid crystal relative to the
polarization of the femtosecond pump. Additionally, it was found that the THz peak intensity is linearly dependent
on the pump fluence. Furthermore, an elliptically polarized THz wave pattern was observed. The results may lead
to a new type of tunable THz source. ©2022Optica PublishingGroup
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1. INTRODUCTION

Electromagnetic radiation in the terahertz (THz) frequency
range, from 0.1–10 THz, plays a significant role in vari-
ous domains, such as material spectroscopy, nondestructive
evaluation, biomedical diagnosis, and high-speed wireless
communication [1–3]. However, the requirements of power,
bandwidth, and polarization for THz radiation, especially
flexible, tunable, and easy to use, are urgent for improving
the performance of THz applications. With the development
of ultrafast lasers, various types of THz sources with broad-
band are being developed. THz waves can be emitted from
GaAs photoconductive antennas [4]. Gases, such as air [5],
and liquids, such as water [6], can generate THz pulse radia-
tion. Additionally, THz emissions have been reported from
ferromagnet/heavy-metal and antiferromagnet/heavy-metal
structures [7,8]; however, it is difficult to control the polariza-
tion of these THz emissions. A 3D topological insulator has
realized the generation and manipulation of chiral THz waves
[9].

Optical rectification (OR) is a mechanism commonly used
to produce broadband and powerful THz pulses. The genera-
tion scheme is relatively simple. Various types of THz sources
based on OR progress rapidly. The applicable materials include
semiconductor, organic, and inorganic crystals. In 2007, 1.5µJ
single-cycle THz pulses were generated from a large aperture

ZnTe crystal [10]. Organic crystals usually have larger second-
order nonlinear susceptibilities and higher conversion efficiency,
and can produce a wider THz spectrum than inorganic crystals.
As early as in 1992, Prof. Zhang reported THz OR from a non-
linear organic crystal, dimethyl amino 4-N-methylstilbazolium
tosylate (DAST), with optical excitation at a wavelength and
pulse duration of 820 nm and 150 fs, respectively [11]. Recently,
Buchmann et al . demonstrated the first MHz-repetition-
rate, broadband THz source based on OR in organic crystals,
2-(4-hydroxy-3-methoxystyryl)-1-methylquinolinium 2,4,6-
trimethylbenzenesulfonate (HMQ-TMS), driven at 1035 nm
with a pulse duration of 30 fs [12]. However, phonon absorp-
tions are present in the THz band in organic crystals, and the
resultant THz spectrum is complex [13]. OR in lithium niobate
(LN) is suitable for obtaining high-power THz radiation owing
to its large effective nonlinearity and high damage threshold.
However, its refractive index in the optical band differs signifi-
cantly from that in the THz band. The pulse front of the pump
laser must be tilted to achieve phase matching over significant
propagation lengths, thus increasing complexity [14,15]. THz
generation based on the OR effect is generally linearly polarized;
thus, elliptically or circularly polarized THz waves still remain a
challenge.

Solids, liquids, and gases can produce THz wave radiation
based on femtosecond lasers. However, THz generation from
liquid crystals (LCs), which are between the solid and liquid
phase, has not yet been reported. LCs, which are widely used
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is display devices, uniquely combine the anisotropy from the
long-range order of solid crystals with the fluidity of fluid phases
[16]. Their director (average molecular orientation) and optical
property depend on surface alignment, and they are sensitive
to external fields [17]. The photo-alignment technique can
be used to precisely control the director distribution of LCs
[18–20]. The centrosymmetry possessed by almost all LCs
can be broken optically [21]; moreover, their special nonlinear
optical properties can trigger interesting effects, such as fast
all-optical switching [22]. The second-order nonlinear response
of LCs is approximately five times larger in the ordered phase
than that in the isotropic (disordered) phase [23]. It is worth
studying whether the interactions between femtosecond lasers
and LCs can produce THz radiation. In this work, we demon-
strate broadband THz radiation in a type of LC pumped by a
femtosecond laser owing to its relatively large second-order non-
linearity and small THz absorption, and observe the changes in
the polarization of THz waves.

2. METHODOLOGY

The schematic of the THz emission spectroscopy setup is illus-
trated in Fig. 1, with the coordinate system (x y z) defined for the
laboratory frame. A Ti:sapphire femtosecond amplifier with a
central wavelength, pulse width and repetition rate of 800 nm,
∼100 fs, and 1 kHz, respectively, was used as the pump. The
pump was propagated along the z axis with linear polarization
parallel to the y axis. The y component of the generated THz
electric field was measured in the time domain through electro-
optical sampling. The LC cell was arranged perpendicular to
the z axis. It was composed of two parallel fused silica substrates
separated by approximately 180 µm mylar films to control
the cell gap. Both substrates were spin coated with sulfonic
azo dye as an alignment layer and photo-aligned to achieve
homogeneous pre-alignment at 45◦ to the y axis. A nematic LC
NJU-LDn-4 with high birefringence (approximately 0.3) in the
THz range was filled into the gap; its absorption was relatively
small, which was beneficial for THz emission [24]. The director
of the LC was initially at an angle of 45◦ to the y axis. The angle
between the director and polarization of the optical pump beam
is indicated by θ . The pump beam was loosely focused on the
LC cell with a spot diameter of around 2 mm. Based on the same
mechanism, i.e., the OR effect, as other crystals generating THz
radiation, when the intense optical pulses with a broad spectrum
are incident to the LC, the nonlinear interaction between any
two frequency components within the spectrum induces dielec-
tric polarization and radiates broadband electromagnetic waves
at the THz frequency.

3. RESULTS AND DISCUSSION

First, the influence of the relative direction between the pump
polarization and LC orientation on THz radiation was inves-
tigated because crystal orientation is generally related to THz
production efficiency. As shown in Fig. 2(a), at the initial
position, when the LC director is at an angle of 45◦ to pump
polarization, the produced THz pulse is demonstrated as shown
by the black curve. Then, the LC cell is rotated by 45◦ such that
the director of LC is parallel to pump polarization (θ = 0◦),

Fig. 1. Schematic of the THz emission spectroscopy setup. Elaser

and ETHz represent the electric fields of the pump laser and THz emis-
sion, respectively. The pump laser propagates along the z axis with the
polarization parallel to the y axis.

thereby resulting in a larger THz signal and delay with respect to
the signal when θ = 45◦. When the LC director is perpendicular
to pump polarization (θ = 90◦), almost no THz radiation is
detected; it may be too small to be detected. Here, the power of
the pump beam is 30 mW. The corresponding THz frequency
spectra are demonstrated in Fig. 2(b). The generated broadband
THz radiation exhibits a spectral peak around 1.2 THz. The
generated frequency spectrum is greater when the LC director
is parallel to the polarization of the incident optical pump.
The observed differences in spectra could be attributed to the
differences in the influence of the fs-laser induced director reori-
entation on the second-order nonlinear susceptibility of the LC
and phase matching. To maximize THz generation efficiency, it
should be ensured that the LC director is along the surface plane
of the LC cell and parallel to the polarization of the incident
pump beam [25]. The dependence of the radiated THz electric
field on LC orientation can be attributed to the LC orientation
dependence of the induced polarization at the beat frequency.
The angular-dependent results provide evidence that second-
order OR is the major nonlinear process for THz emission
under the condition of moderate optical fluence and normal
incidence on the LC. To obtain a general rule, we selected the
general case (θ is approximately 45◦) to analyze in the following
study.

Pump excitation-dependent THz radiation was studied.
The pump beam with different powers is incident on the LC
cell, and the generated THz time domain waveforms are shown
in Fig. 3(a). When the pump power is 10 mW, the generated
THz wave is too weak and can barely be observed. When the
pump power is increased to 15 mW, an obvious THz signal
appears. The intensity of the THz pulse increases with the pump
power. However, the THz time-domain spectra are nearly the
same when the pump power is 30 and 35 mW. The measured
time-domain THz waveforms are almost identical because the
characteristics of THz radiation are determined by the pump
wavelength, pulse width, crystal thickness, and orientation [26].
Figure 3(b) shows the THz peak electric field and energy from
LC as a function of the pump fluence; it can be observed that the
relationship between the absolute values of the measured THz
peak amplitude and laser fluence is linear. Moreover, a quadratic
relationship is demonstrated between the THz energy and laser
fluence. The dependence of THz emission from the LC on
pump power is the same as that from other crystal materials
based on the OR effect, which can be described as follows [27]:
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Fig. 2. (a) Temporal THz waveforms of the THz emission from the LC cell with different θ . (b) Corresponding Fourier-transformed spectra.

ETHz ∝
∂2 P (t)
∂t2

= χ (2)
∂2 E 2

laser (t)
∂t2

, (1)

where χ (2) denotes the second-order susceptibility, which
depends on the crystal structure of the material. Elaser is the elec-
tric field of the pump pulse. The amplitude of the radiated THz
electric field from the LC is proportional to the second time
derivative of the optically induced dielectric polarization, which
further proves that THz generation from LCs is based on the
OR of femtosecond laser pulses. Figure 3(b) shows that the laser
excitation pulse energy threshold for the detectable THz field
from the LC is approximately 0.2 mJ/cm2. The THz amplitude
was found to be saturated at 0.15 V/cm. The damage threshold
of the LC is approximately 1.2 mJ/cm2; it breaks when the
energy of the excitation pulse is over 1.2 mJ/cm2. The dotted
parts of the curves deviate from the tendency. We think that in
the low pump fluence region, noise has much influence, while in
the high region, free carriers generated by two-photon absorp-
tion [28] as well as the low damage threshold of the LC may
explain the saturation of THz radiation. In contrast, common
LC materials with the same cell structure, such as E7, do not
exhibit THz radiation even for 35 mW laser pumps. Moreover,
the fused silica substrates of the LC cell and the same empty cell
demonstrate no THz emission.

Next, the different polarization states of the THz frequencies
can be observed using two combined wire grid polarizers. The
propagation direction is set to 45◦ and−45◦ with respect to the
y axis for the front wire grid and fixed parallel to the y axis for
the rear one. Figure 4(a) shows the three-dimensional trajectory
plot of the temporal waveforms of THz emission. It is evident

that THz radiation is not linearly polarized. We extracted the
phase difference between the 45◦ and−45◦ components using
Fourier transform on the experimental data, plotted in Fig. 4(b).
It can be observed that the left-handed elliptically polarized
THz waves were generated at different THz frequencies. We
compared the results with those obtained by ZnTe, in which the
THz radiation was linearly polarized with no phase difference.

The evident ellipticity is the main characteristic from our
LC OR process. It is probable that LC reorientation is induced
by the femtosecond laser pump, leading to nonuniform global
orientation [29]. The centrosymmetry possessed by almost all
LCs was broken by the planar orientation and optical pump.
The absence of an effective center of symmetry indeed resulted
in LC second-order nonlinear susceptibility. Our LC materials
NJU-LDn-4 contain highly conjugated rod-like molecules,
which are preferred to achieve relatively large nonlinearity, while
E7 is not; moreover, they exhibited low absorption loss and
no absorption peak in the THz range. Thus, they can be used
for THz emission. So, it is reasonable that no THz radiation
from E7 under the same experimental condition is detected.
E7 may generate THz emission under other conditions. Here,
we focus on THz generation from our LC NJU-LDn-4 first.
We also have a spectrum similar to Fig. 2. in Ref. [29]; however,
our second-harmonic generation (SHG) may be drowned in
the luminescence (fluorescence), and it is difficult for us to
distinguish them. We believe that SHG generated in LC can
be proved by the detected THz radiation. The relationship
between SHG and THz is complicated in LCs, compared with
common crystals based on OR because of fs laser-induced
director reorientation of LCs. The damage threshold of LCs

Fig. 3. (a) Normalized THz pulses with different pump powers. (b) THz peak electric field and energy from LC as a function of the pump fluence.
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Fig. 4. (a) Three-dimensional trajectory plot of the temporal waveform of THz emission for θ = 45◦. (b) Frequency-dependent phase difference
calculated from the curves of 45◦ and−45◦ components presented in (a).

is low; therefore, it is difficult to increase the THz intensity by
increasing the pump fluence. It would be worthwhile to further
investigate this through phase matching, LC arrays, lenses,
or spherical reflectors to enhance the THz emission intensity.
There may be several possible mechanisms for the origin of
the THz emission in addition to OR, such as the third-order
nonlinear effect. Further experiments are necessary to fully
understand the mechanism for the THz generation from LCs.

4. CONCLUSION

We reported the first observations of THz generation by a
femtosecond laser in the LC NJU-LDn-4. The characteristics
of THz radiation depend on the relative direction between
pump polarization and LC orientation. The THz peak electric
field varied linearly with pump power, which corresponds to
traditional OR features. In addition, the unique properties of
the THz radiation of elliptic polarization were demonstrated
in this study. We believe that this is a common phenomenon in
LCs with strong second-order nonlinear optical effects. Some
ingenious methods of aligning LC molecules can induce larger
second-order nonlinearity. The thickness of LCs can be easily
controlled, and photo-alignment technology can be used for the
director distribution of LCs in microscopic regions to realize
phase matching. THz conversion efficiency and THz intensity
are expected to be further improved with low loss and high
stability LC materials. LCs are sensitive to external fields such as
electric, magnetic, and optical fields; therefore, they can be used
as a potential alternative to develop tunable THz sources with
arbitrary polarization. Numerous potential applications are
expected, not only in physics (for polarization-based imaging)
and communication, but also in chemistry and biology for
chiral molecules.
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