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Abstract: We propose a method for measuring the terahertz properties for two principal optical
axes of anisotropic crystals without optical activity using terahertz time-domain spectroscopy (THz-
TDS). The method put forward in this paper utilizes the inherent polarization sensitivity of the
THz-TDS electro-optic detection system. We demonstrate the practical application of the method by
measuring the temperature dependence of the refractive index and the absorption coefficient of a
lithium triborate crystal for three optical axes.

Keywords: terahertz; THz-TDS; polarimetry; refractive index; absorption; anisotropy; lithium
triborate; LBO

1. Introduction

Terahertz time-domain spectroscopy (THz-TDS) is a mature technique that allows for
measuring the optical, dielectric, and conductivity properties of materials in the terahertz
spectral range. It is commercially available and has a wide range of applications spanning
various domains of science, technology, and art. It is used for studying biological tissues
and molecules, complex chemical compounds and crystalline materials, as well as for the
nondestructive evaluation of drugs, electronic components, and cultural heritage objects.
While THz-TDS is used for these practical purposes, its techniques continue to evolve [1].
Examples of such developments include accessing terahertz nonlinear optics by increasing
radiation power [2,3]; methods for probing nanoscale phenomena [3]; time-resolved pump-
probe techniques for studying ultrafast processes, such as carrier dynamics; and studying
anisotropic materials by enhancing polarization sensitivity [4].

Several methods were developed to measure the polarization of terahertz radiation
in THz-TDS. One approach relies on detectors that are capable of sensing two orthogonal
polarizations simultaneously. This is achieved by using either two separate electro-optic
detectors [5–7] or three- or four-contact photoconductive antennas (as opposed to con-
ventional two-contact units) [8–11]. The inherent dependence of electro-optic detection
sensitivity on the polarization of terahertz and probe laser radiation can also be em-
ployed [12,13]. In this case, a detector crystal [14–16], the probe pulse polarization [17],
or the polarization of the generated terahertz radiation [18] is steadily rotated and the
signal is measured using lock-in techniques at the rotation frequency or its harmonics. The
polarization state of terahertz radiation can also be derived from measurements performed
at three azimuthal angle positions of terahertz polarizers [19]. Setups with a steady rotation
of polarizers at 5−15 Hz with lock-in measurements at twice the rotation frequency are
also suggested [20–22].

The above approaches are currently under development in laboratories and are not
available as commercial solutions to regular users of terahertz time-domain spectrometers.
In this light, it is important to develop easy-to-apply terahertz polarimetry methods uti-
lizing off-the-shelf components, such as high-contrast polarizers, to improve the accuracy
and speed of measurements.
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In this article we propose a method that makes use of high-contrast wideband terahertz
polarizers to measure properties for two principal optical axes of anisotropic crystals
without optical activity. Our approach takes into account the polarization sensitivity
of electro-optic detection and does not require samples to be rotated to align their axes
along the polarization direction of terahertz waves. Instead, the polarization of terahertz
radiation is aligned with the help of polarizers. This technique can be beneficial in studying
anisotropic crystals placed in a cryostat, a heating cell, or any closed chamber.

2. Sensitivity of Electro-Optic Detection in Terahertz Time-Domain Spectroscopy

In a THz-TDS electro-optic detection system, terahertz radiation changes the refractive
index of a nonlinear detector crystal, then these changes are sensed by probe laser pulses
and produce a terahertz signal. The system sensitivity, η, i.e., the ratio of the detected
terahertz signal, STHz, to the electric field of terahertz radiation, ETHz, depends on the
polarization of terahertz and probe laser radiation. The sensitivity also depends on the
probe laser intensity, Ip, and the physical properties of the detecting crystal, namely its
refractive index, n, at the probe radiation frequency, electro-optic coefficient, r, and length,
L. The full formula for the sensitivity, η, can be written as follows [13]:

η =
STHz
ETHz

=
ωn3rL

c
IpF(α, β) (1)

where ω is the terahertz frequency, c is the speed of light, and the function F(α, β) de-
scribes the dependence of the measured signal on the terahertz and probe laser radiation
polarization angles relative to the detecting crystal’s orientation.

Here we analyze only the function F(α, β). For the case of the (110)-cut zincblende
detecting crystal, it can be formulated as follows [12]:

F110(α, β) =
1
2
(cos α sin 2β + 2 sin α cos 2β) (2)

where α and β are the angles between the z-axis of the detection crystal and the polarization
direction of terahertz and probe laser radiation, respectively. The function F110(α, β) is
shown in Figure 1. As determined earlier [12], the maximum absolute value of

∣∣Fmax
110

∣∣ = 1
is achieved at α = 90◦ and β = 0◦ or 90◦.
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In our study, instead of aiming to adjust the electro-optic detection system to achieve
the maximum absolute value of F(α, β), we seek values of angles α and β providing the
same sensitivity for two orthogonal terahertz polarizations, i.e., pairs of α satisfying the
condition α2−α1 = 90◦. For each fixed β in Equation (2), we find pairs of orthogonal α
that provide the same sensitivity (see the black curves in Figure 1). The absolute values
of F110(α, β) on the found curves vary from

√
2/4 to

√
2/2. The grey curves in Figure 1

represent a 10% deviation bound of the optimum value.
The highest absolute value of

√
2

2

∣∣Fmax
110

∣∣ = √
2

2 ≈ 0.71 is achieved at angles β = 0◦

or 90◦ for two orthogonal terahertz polarization angles, α1 = 45◦ and α2 = 135◦ (−45◦),
simultaneously. The optimum value of F110 changes by less than 10% within the range of
α = 39.52◦ − 51.06◦.

We can perform a similar analysis for (111)-cut zincblende crystals that are also used
in THz-TDS. The formula from [13] can be applied for the particular case of a (111)-cut
detection crystal to calculate the function F111(α, β), as follows:

F111(α, β) =

√
2
3

sin(α + 2β) (3)

where α and β are angles between the (−211)-axis of the detection crystal and the polar-
ization direction of terahertz and probe radiation, respectively. The function F111(α, β) is

depicted in Figure 2. The maximum absolute value of
∣∣Fmax

111

∣∣ = √
2
3 ≈ 0.82 is achieved

at α = 90◦ and β = 0◦ or 90◦ too. However, in contrast to the case of (110)-cut crystal, the
same maximum absolute value of

∣∣Fmax
111

∣∣ is also achieved at a set of angles α and β satisfying
the following condition: α + 2β = 90◦ + 180◦n, where n is an integer value.
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It also can be seen from Figure 2 and the analysis of Equation (3) that the value of√
2

2

∣∣Fmax
111

∣∣ = √
3

3 ≈ 0.58 is achieved simultaneously for two orthogonal terahertz polariza-
tions, if angles α and β satisfy the following condition: α + 2β = 45◦ + 180◦n, where n is
an integer value (see the black lines in Figure 2, the grey lines represent a 10% deviation
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bound of the optimum value). A special case for this condition is α = 45◦ and 135◦ (or
−45◦) with β = 0◦ or 90◦. These values of angles α and β are the same as for the (110)-cut
detection crystal.

3. Method of Terahertz Measurements for Orthogonal Axes of Anisotropic Crystals

The above analysis, as performed for different THz-TDS detection systems, can serve
as the basis for a method to study the properties of anisotropic crystals without optical
activity for its two principal optical axes. The starting point is a conventional terahertz
generation and detection system setup allowing for the maximum sensitivity. More specif-
ically, the probe radiation polarization angle is set up at β = 0◦ or 90◦, and the terahertz
radiation polarization angle is α = 90◦. We also utilize two high-performance broadband
terahertz polarizers, with the first of those installed after the generator and the other before
the detector (see Figure 3). Let ϕ denote an azimuthal rotation angle of polarizers relative
to the same detector crystal axis from which the angles α and β are measured. Initially, both
polarizers are also set at an angle ofϕ = 90◦ that corresponds to the maximum transmission
of terahertz radiation.
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If we rotate both polarizers simultaneously at an angle of ϕ = ±45◦ they will transmit
cos(±45◦) =

√
2/2 of the generated terahertz signal. The sensitivity of the detection system

for terahertz radiation polarized at ±45◦ is
√

2/2 of the maximum sensitivity because
F(±45◦, 0◦) =

√
2/2Fmax, as discussed in the previous section. Thus, we obtain 0.5 of the

maximum amplitude compared to the ideal case of fully transmitting terahertz polarizers.
Despite losing part of the signal, we can study the terahertz properties of anisotropic
crystals for two principal optical axes with the same sensitivity in this configuration.

Let us consider the following measurement method after the initial tuning (Figure 3).
The sample is set up diagonally in such a way that its axes are set at roughly±45◦ and fixed
in a cryostat or a heating cell. After that, the polarizers and the sample axes are aligned.
To do so, the second polarizer is rotated by 90◦ relative to the first one. In the absence
of a sample, no signal can be detected due to the high extinction ratio of the polarizers.
However, when a sample is inserted into the terahertz beam, a small signal is detected
since the crystal axes are not positioned at the exact angles of ±45◦. By simultaneously
rotating two polarizers by a small angle δ and keeping them orthogonal to each other,
we can achieve zero signal at some angle ϕ = 45◦ + δ. This indicates that the input THz
polarization is aligned along the optical axis of the crystal. No signal is also achieved at
angle ϕ = 45◦ + δ − 90◦ = −45◦ + δ for the other optical axis.

Thus, both polarizers can be aligned along the crystal optical axes at angles close
to ±45◦, which provides a detection sensitivity in the vicinity of

√
2/2 of the maximum

sensitivity, as per the analysis demonstrated earlier. The sample and reference terahertz
pulses can then be measured for both optical axes and the terahertz properties can be
calculated based on them.

4. Demonstration of the Suggested Method on an LBO Crystal

To check the efficiency of the suggested method we measured the terahertz optical
properties of the lithium triborate crystal (LiB3O5, LBO) at different temperatures. It is a
negative biaxial nonlinear crystal belonging to the mm2 point group. Its crystallographic
axes are assigned to the optical ones as follows, a, b, c→ x, z, y. We studied LBO crystals
grown in MoO3 flux using a modified Kyropoulos method in the Sobolev Institute of
Geology and Mineralogy of the Siberian Branch of the Russian Academy of Sciences [23,24].
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The samples were a-cut (x-cut) and c-cut (y-cut) polished plane-parallel plates 10 × 10 mm2

in size with a thickness of 2065 and 2069 µm, respectively.
We measured the terahertz spectra using a custom-made terahertz time-domain

spectrometer based on an FFS femtosecond fiber laser (Toptica Photonics, Gräfelfing,
Germany). We also utilized a measurement setup with alternating sample and reference
measurements. In this setup, a sample holder had two identical apertures: the sample
was placed in the first one, and the second one remained vacant [25]. The sample holder
was placed in a bath cryostat with a heating element that allowed for the stabilization
of the temperature in the range of −195 ◦C and 23 ◦C with an accuracy of 0.1 ◦C. The
measurements were performed at temperatures of −195 ◦C, −120 ◦C, −50 ◦C, and 23 ◦C.
We used an ILS50HA motorized linear translation stage (Newport, RI, USA) to move
the whole cryostat to alternate between the two identical apertures in the sample holder.
Metal-grid polarizers on polymeric thin films were used as a part of the setup [26]. These
robust and easy-to-handle polarizers assembled in a tandem structure [27] had a power
extinction ratio of over 105:1 in a range of frequencies from 0.2 to 2 THz. The polarizers
were mounted on precision rotation stages 8MR190-2-28 (Standa, Vilnius, Lithuania), with
a full step resolution of 0.6′.

The measurement results obtained at room temperature are presented in Figure 4. The
optical properties agree well with the previous measurements obtained by our team [28,29]
and recent results from other groups [30,31]. The only discrepancy in the results is the
axis labeling, which was discussed earlier [28]. The shorter spectral range of the y- and
x-axes is explained by the higher LBO absorption of these axes and the lower dynamic
range of the spectrometer at higher frequencies. The lower dynamic range is due to some
losses of terahertz signal in our method, as discussed previously, and due to reflections
and absorption in the optically thick quartz windows of the cryostat.
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Figure 4. Terahertz optical properties of LBO crystal for three axes at room temperature: (a) refractive index; (b) absorp-
tion coefficient.

With the help of the proposed method, we were able to measure the temperature
dependence of the terahertz optical properties of the crystal for all three axes. The results of
the refractive index at a frequency of 1 THz are presented in Figure 5. As can be seen from
the figure, the refractive index decreases with cooling by 0.24, 0.17, and 0.02 for the optical
axes x, y, and z, respectively. We used temperature-dependent expansion coefficients
from [32] to adjust for temperature-related changes in the thickness of the samples. The
LBO crystal has a positive expansion coefficient (ranging from 60.4 × 10−6 K−1 at room
temperature to 11.5 × 10−6 K−1 at the liquid nitrogen temperature) along the a-axis; there-
fore, the a-cut sample shrank down to 2050 µm after cooling. Due to the negative expansion
coefficient (ranging from −49.5 × 10−6 K−1 at room temperature to −11.6 × 10−6 K−1 at
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the liquid nitrogen temperature) for the c-axis, the c-cut sample expanded up to 2082 µm.
As both samples allowed for the measurement of optical properties for the z-axis, we were
able to crosscheck the results, which agreed well within the measurement uncertainty.
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5. Discussion

The main advantage of the suggested and demonstrated method is that it does not
require the rotation of a sample to align its axis along the polarization of terahertz radiation.
It is especially useful for samples placed in a cryostat, a heating cell, or any isolated
chamber. Properties for both axes of the sample can be measured during one cycle of
heating or cooling using this method. A setup with two apertures also helps perform
reference measurements without removing the sample. This improves the measurement
speed, suppresses the effects of long-term drift in the system, and eliminates the systematic
errors associated with repositioning the sample and its holder. The only drawback of the
method seems to be losing about 6 dB of the terahertz signal. It occurs because a polarizer
is used to rotate the polarization of generated terahertz radiation by an angle of 45◦ and
the electro-optic detection sensitivity is lower for terahertz radiation that is polarized at
45◦. However, this does not appear to be a significant deficiency considering that an
exceptionally high dynamic range of a typical THz-TDS reaches more than 90 dB [33].

The method of finding the principle axes of the studied crystal is similar to a well-
known method in optics. The polarizers need to have a high enough extinction ratio to
obtain zero signal in a crossed configuration. It is especially important for high dynamic
range THz-TDS systems. That is why we employ tandem polarizers based on metal-grids
on carrying polymeric films that have a power extinction ratio of over 105:1 in the range
of 0.2–2 THz. Two such polarizers are used to determine the principal axes of the crystal.
However, there is an important distinction from the case of optics, as only one polarizer
after the generator is necessary in further measurements to rotate the polarization of
terahertz radiation impinging on the crystal. A second polarizer is not required, as the
THz-TDS electro-optic detection system itself is inherently sensitive to the polarization of
terahertz radiation.

6. Conclusions

We analyzed the sensitivity of electro-optic detection systems of terahertz time-domain
spectrometers based on (110)-cut and (111)-cut zincblende crystals and its dependence on
the polarization of terahertz and probe laser radiation. We found that the same sensitivity
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can be achieved for two orthogonal polarizations of terahertz radiation. For terahertz
radiation linearly polarized at angles ±45◦ relative to the z-axis and the (−211)-axis for the
cases of (110)-cut and (111)-cut detection crystals, respectively, the value of

√
2/2 of the

maximum sensitivity is achieved. This holds true for the probe laser radiation polarized at
angles of 0◦ or 90◦.

Based on the sensitivity analysis, we suggested a method for measuring terahertz
properties for two principal optical axes of anisotropic crystals without optical activity.
Under this approach, the sample under study is placed at an angle of 45◦ and terahertz
polarization is aligned along its axes by rotating the polarizers. As the THz-TDS detection
system has the same sensitivity for terahertz radiation that is polarized at ±45◦, it is possi-
ble to consecutively measure two orthogonal polarization components without rotating
the sample.

We demonstrated the applicability of the suggested method by measuring the re-
fractive index and absorption coefficient along three optical axes of a lithium triborate
crystal placed in a cryostat. At room temperature, the properties agreed well with our
previous findings and results obtained by other research groups. As part of our work,
we also studied the temperature dependence of the optical properties of the LBO crystal
and showed that its refractive indices monotonically decreased with cooling without any
peculiarities or crossings.
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