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Based on the polarization-sensitive terahertz time-domain spectroscopy, we measured the birefringence
for Al2O3 and LiNbO3 single crystals, which correspond to trigonal structures that have an uniaxial
birefringence, in the THz frequency range of 0.25 to 1:4THz. For more comprehensive understanding
of the THz birefringence, the measured birefringence is compared with the results of ab initio calcula-
tions. The measured birefringence shows good agreement with the calculated value. © 2011 Optical
Society of America
OCIS codes: 160.1190, 260.1440, 300.6250, 300.6495.

1. Introduction

With the rapid development of the terahertz (THz)
technology, electromagnetic radiations whose fre-
quency locates between the microwaves and infrared
light, also known as THz waves, have recently drawn
much attention due to their technical applications
and fundamental interests [1–4]. In particular,
terahertz time-domain spectroscopy (THz-TDS) has
become one of the essential analyzing tools in
material science. Many materials have complex di-
electric responses in the frequency range of 0.1 to
10THz, and advanced optical properties, such as bi-
refringence, and magneto/electro-optical effects in
the THz frequency range are under active investiga-
tion by using THz-TDS [5–7]. The potential applica-
tion of THz systems is particularly promising for
high-speed communications, biological and medical
investigation, secure inspection, and hazardous
material detection. [4,8–10].

Aluminum oxide is a family of inorganic com-
pounds, an amphoteric oxide with the chemical
formula Al2O3, which has a unique combination of
outstanding chemical, physical, and optical proper-

ties: Al2O3 crystal has a high mechanical strength
at high temperatures, good thermal properties, and
excellent optical transparency [11]. Its mechanical
properties begin to decline after 800 °C. Moreover,
it is an electrical insulator but has a high thermal
conductivity (30Wm−1 K−1) for a ceramic material
[11]. Thus, Al2O3 is of general and extensive use for
a substrate for many epitaxial films as well as for a
protected window from the vacuum ultraviolet to the
infrared spectrum range. Lithium niobate (LiNbO3)
is one of the most attractive materials for optoelec-
tronics, due to its excellent electro-optic, acousto-
optic, and nonlinear optical properties [12]. LiNbO3
has good chemical and mechanical stabilities and
is transparent over a wide frequency range. Applica-
tions include electro-optic modulators in mobile
phones, and Q-switchers for Nd:YAG, Nd:YLF, and
Ti:sapphire lasers, as well as guided optical modula-
tors for fiber optics.

In this study, we present measurements of the
extraordinary and ordinary refractive indices (ne
and no) of Al2O3 and LiNbO3 single crystals in the
frequency range of 0:25–1:40THz. The THz birefrin-
gence (Δn ¼ ne − no) is measured using a THz-TDS,
which is used to enable polarization-sensitive THz
detection, demonstrated previously with liquid crys-
tal polymers, natural products, and crystals, such as
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rutile and zinc oxide [13–15]. The results are compar-
able with the earlier FT-THz measurements [16,17].
For more comprehensive understanding of the THz
birefringence of the investigated materials, we com-
pare our experimental results with the calculated
results obtained using an ab initio phonon calcula-
tion using CRYSTAL09 code [18].

2. Polarization-Sensitive Terahertz Detection

The experimental configuration is illustrated in
Fig. 1. A pump beam, the subpicosecond infrared
(800nm) pulses from a Ti:sapphire laser oscillator,
was incident on the THz emitter, which was the
biased photoconductive antenna (PCA). The pulsed
THz waves polarized linearly along the vertical axis
were generated from the PCA and focused on the
sample with a spot size of ∼2mm. Then the THz
waves transmitted through the sample were guided
into the ZnTe crystal overlapping with the linearly
polarized probe beam along the horizontal axis by
using four off-axis parabolic mirrors. The enclosure
containing the THz beam path was purged with
nitrogen gas to eliminate the absorption by water
vapor in ambient air. After the ZnTe crystal, the
probe beam passed through a quarter wave plate and
was split by a Wollaston prism into the two orthogo-
nal polarization components, which were then
respectively sent to two detectors. The intensity dif-
ference measured from the detectors between the
two orthogonal polarization components was propor-
tional to the detected THz field amplitude ETHz.

In the theoretical calculation [19], the intensity
difference is given by

ΔIðα;φÞ ¼ IP
ωn3ETHzr41L

2c
ðcos α sin 2φ

þ 2 sin α cos 2φÞ; ð1Þ

where IP is the probe beam intensity, ω is the angular
frequency of the probe beam, n is the refractive index
of ZnTe, c is the speed of light in vacuum, r41 and L
are the only nonzero coefficient of the electro-optic
tensor and the thickness of the ZnTe, respectively.
As shown in the inset at top right of Fig. 1, α and
φ are the angles of the THz and probe beam polariza-
tions with respect to the ð001Þ axis of ZnTe, respec-
tively. In our experimental condition, the angle of
THz polarization is perpendicular to that of the probe
beam polarization (φ ¼ αþ 90°).

Figure 2 shows the measured THz time-domain
waveforms as a function of the THz polarization
angle α from 0° to 360° at a step of 10° with respect
to the ð001Þ axis of ZnTe when the probe beam polar-
ization angle φ is fixed at 180°. It can be found from
Eq. (1) that, ignoring the sign of THz amplitude,
there are the two absolute maxima of the THz ampli-
tude at the THz polarization angles α of 90° and 270°.
Using this polarization-sensitive THz-TDS, we mea-
sured the THz refractive indices for Al2O3 and
LiNbO3 crystals according to an azimuthal angle θ,
rotating them placed on the focal plane, as shown
in Fig. 1.

Fig. 1. (Color online) Illustration of the experimental configuration. PCA, photoconductive antenna; WP, Wollaston prism; QWP, quarter
waveplate; Pellicle b/s, Pellicle beamsplitter; o, ordinary axis; and e, extraordinary axis. The directions of the generated and detected THz
polarizations are depicted beside the THz emission and detection parts, respectively. The inset shows the angles of the THz and probe
beam polarization directions with respect to the ð001Þ axis of the ZnTe crystal.
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3. Measurement of the Terahertz Birefringence

The samples are prepared both-side polished
with 0:5mm thickness. The (10–10) crystal orienta-
tion was prepared for Al2O3, and x-cut for LiNbO3.
We note that both Al2O3 and LiNbO3 crystals corre-
spond to the trigonal structures having a uniaxial
birefringence.

The reference and transmitted temporal wave-
forms of THz pulses, which were measured over 34ps
in time-domain data, were recorded with and with-
out the samples, respectively. Figure 3 displays the
transmitted THz waveforms, which are measured
by rotating the LiNbO3 from 0 to 360° at a step of
5° in the THz-TDS that is described above and illus-
trated in the inset at top right of Fig. 3. The trans-
mitted THz waveforms of Al2O3 were also measured
(data not shown). The time delay position of the THz
pulse oscillates with a 180° period of the azimuthal
angle θ, which implies the existence of birefringence.
From the result of Fig. 3, we can characterize the
crystal orientation of the Al2O3 crystal without a
priori knowledge of the crystal orientation. For a
given crystal orientation, the index of refraction of

the sample is obtained by comparing the THz wave-
form measurements with and without the sample
[20]. Briefly, the ratio between the reference and
transmitted THz spectra is given by (for the notation,
see Fig. 4)

~EsampleðωÞ
~EreferenceðωÞ

¼ ~nsðωÞð~n1 þ ~n2Þð~n2 þ ~n3Þ
~n2ð~n1 þ ~nsðωÞÞð~nsðωÞ þ ~n3Þ
× e−ið~nsðωÞ−~n2ÞωL=c

¼ ρðωÞe−iϕðωÞ; ð2Þ

where ρðωÞ ¼
��� ~EsampleðωÞ
~EreferenceðωÞ

��� and φðωÞ ¼ arg
�

~EsampleðωÞ
~EreferenceðωÞ

�
.

For a sample with very low absorption, and
~n1 ¼ ~n2 ¼ ~n3 ¼ 1, the frequency-dependent real part
of the complex refractive index of the sample, nsðωÞ,
is given by

nsðωÞ ¼ 1þ cφðωÞ
ωd ; ð3Þ

where d is the crystal thickness and c is the speed
of light.

Figure 5 shows the measured dispersion of extra-
ordinary and ordinary refractive indices (ne and no)
for the Al2O3 and LiNbO3 samples.

4. Calculation for Terahertz Birefringence

For more comprehensive understanding of THz
birefringence, the measured birefringence is com-
pared with the result of ab initio calculations. We
carried out an ab initio phonon calculation using
CRYSTAL09 [18], which employed a hybrid ex-
change-correlation functional PBE0 [21] and a
localized basis set of Gaussian-type functions of
oxygen (6-31d1) and aluminum (8-511d1) for Al2O3
and Lithium (6-11G) and Haywsc pseudopotential
of niobium (Haywsc-31d) and oxygen (6-31d1) for
LiNbO3 [22]. Starting from experimentally known
trigonal space group (R-3c, No. 167 for Al2O3 and
R3c, No. 161 for LiNbO3) [23], internal coordinates
of each atom and lattice parameters are varied to
minimize the total energy for a given symmetry. Then
the coupled perturbedKohn–Shamequationhas been

Fig. 2. (Color online) THz polarization-dependent THz time-
domain waveforms (arbitrary units) measured with varying the
THz polarization angle α with respect to the ð001Þ axis of the ZnTe
crystal.

Fig. 3. (Color online) Transmitted THz time-domain waveforms
(arbitrary units) measured with varying the azimuthal angle θ of
the LiNbO3.

Fig. 4. (Color online) Measurement of THz waveforms with and
without the sample. The frequency-dependent refractive index of
the sample, ~nsðωÞ, is obtained from Eqs. (2) and (3).
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solved for each optimized structure in order to obtain
dielectric function at optical frequencies [24]. Finally,
a full phonon calculation has been carried out to
obtain the phonon spectrum at the zone center [25].
The calculated phonon spectrum including longitudi-
nal and transverse phonon has been used to obtain
the frequency-dependent dielectric constant in the
THz region.

Figure 6 shows the calculated refractive indices of
Al2O3 and LiNbO3 with respect to the two different
polarizations, which are the result from the ab initio
calculation: the extraordinary and ordinary refrac-
tive indices. The measured and calculated refractive
indices of the Al2O3 and LiNbO3 at 1THz are listed
in Table 1. Our ab initio calculation reproduces the
experimental results quite well as listed in Table 1,
as well as the FT-THz measurements in [16,17].

5. Conclusion

In conclusion, we have studied the THz birefringence
of Al2O3 and LiNbO3, which correspond to the trigo-
nal structures that have a uniaxial birefringence.
Using a polarization-sensitive THz-TDS, we mea-
sured the extraordinary and ordinary refractive in-
dices of the Al2O3 and LiNbO3 in the frequency
range of 0.25 to 1:40THz. The experimental results
of the THz birefringence for the samples show good
agreement with the results of a model considering
phonon contributions. Therefore, the birefringence
for the sample in the THz frequency region can be
well understood in conjunction with the phonon
consideration.
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