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The birefringence of zinc oxide (ZnO) in the terahertz (THz) frequency range is measured using a parallel-polarization configuration THz time-

domain spectrometer and compared with the result of an ab initio calculation. The measured birefringence of 0.180 at 1 THz shows good

agreement with the calculated value of 0.170 from full phonon consideration, both of which are about 20 times larger than the birefringence in the

visible range. It is found that the difference of the transverse optical and longitudinal optical (TO–LO) phonon splitting between the optical phonon

branches (A1 and E1) predominantly contributes to the huge birefringence of ZnO in the THz frequency region.
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O
ver the past two decades, terahertz time-domain
spectroscopy (THz-TDS) has become one of the
essential analyzing tools in material science.1)

Many materials extending from gases and liquids to solid-
state and biological media have complex dielectric response
in the terahertz (THz) frequency range of 0.1 to 10 THz, and
therefore, a whole range of useful applications become
promising in this spectral range in particular for next-
generation communications, medical imaging, and security
purposes.2,3) There exist many reports on THz dielectric
properties of materials, and more advanced optical proper-
ties such as birefringence, optical activity, and magneto/
electro-optical effects in the THz range are less studied and
under active investigation.4)

Recently, THz wave generation was demonstrated from a
ZnO photoconductive antenna excited by ultraviolet pulses,5)

and the far-infrared optical and dielectric properties of ZnO
were experimentally characterized by use of THz-TDS.6)

ZnO has a number of advantages for THz photonics:
wide bandgap, high breakdown voltage, high resistivity
and mobility, optical transparency, and easy fabrication.
Although there exist a lot of reports on the optical properties
of ZnO,6–8) there is no experimental report on THz
birefringence of ZnO.

In this study, we report the extraordinary and ordinary
refractive indices (ne and no) as well as the absorption
coefficients of a ZnO single crystal in the frequency region
of 0.25–1.35 THz. For this, azimuthal angle dependence of
transmission has been measured in a parallel-polarization
configuration THz time-domain spectrometer and the
experimental result is compared with an ab initio calculation
of dielectric and optical properties.

ZnO has the hexagonal wurtzite structure with each Zn
ion in a tetrahedron of O ions. This tetrahedral structure has
polar symmetry along the hexagonal c-axis of ZnO,9) and
thus, birefringence occurs for a THz wave propagating
normal to the ð10�10Þ crystal surface and not to the (0001)
surface. We used a both-side polished 2-mm-thick ZnO
single crystal with a 10� 10mm2 area in the h10�10i
orientation. For a precision measurement of THz birefrin-
gence in ZnO, asynchronous-optical-sampling THz-TDS
was used in transmission geometry.10,11) Two low-tempera-
ture-grown GaAs photoconductive antennas were used for

emission and detection of pulsed THz waves. A pulsed THz
wave linearly polarized along the vertical axis, which is
emitted from the biased THz emitter, is focused on the
ZnO sample with a spot size of �2mm. The THz wave
transmitted through the ZnO sample is detected by the THz
detector that is oriented so as to detect only the vertical
component of the electric field. The enclosure containing the
THz beam path is purged with dry air to eliminate the
absorption by water vapor in ambient air.

The reference (input) and transmitted (output) THz pulses
are measured without and with the ZnO sample, respec-
tively. Figure 1(a) shows the transmitted THz waveforms
measured with rotating the sample in the parallel-polariza-
tion configuration that is described above and illustrated in
Fig. 1(b). The time delay position of the THz pulse oscillates
with a 180� period of the azimuthal angle, which implies the
existence of birefringence. Using Fourier analysis of input
and output pulses, we can obtain the frequency-dependent

Fig. 1. (Color online) (a) Transmitted THz waveforms measured with

varying the azimuthal angle � of the ZnO sample in the parallel-polarization

configuration illustrated in (b), and (c) measured extraordinary and ordinary

refractive indices of the ZnO sample. The solid curves in (a) represent the

waveforms measured at 90 and 180�, respectively.
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refractive index, nð!Þ, and absorption coefficient, �ð!Þ,
given by

nð!Þ ¼ 1þ c�ð!Þ
!L

; ð1Þ

�ð!Þ ¼ 2

L
ln

4nð!Þ
T ð!Þ½nð!Þ þ 1�2

� �
; ð2Þ

where L is the crystal thickness, c is the speed of
light in vacuum, and T and � are defined as Te�i� ¼
Eoutputð!Þ=Einputð!Þ.12) To remove the Fabry–Perot effect,
the amplitude and phase spectra, of which the frequency
resolution is 2.63GHz, are smoothed using adjacent-
averaging of 19 points, closely equal to twice the period of
the Fabry–Perot ripple on the spectra. Figure 1(c) shows the
dispersion of ne and no of the ZnO sample. The birefringence
defined by �n ¼ ne � no is measured 0:180� 0:003 in the
frequency region of 0.25–1.35 THz.

The birefringence causes the phase retardation (��)
between the ordinary and extraordinary waves given by
�� ¼ !L�n=c. Figure 2 displays the azimuthal angle
dependence of the amplitude transmittance (from 0 to 360�

at a step of 5�) at 0.42 and 1.24 THz, measured in the
parallel-polarization configuration. The transmittances have
maximum values at the 0�, 90�, and equivalent orientations
without change in the polarization before and after trans-
mission through the ZnO sample. In contrast, half-wave
phase retardation makes the transmittances reach minima
at the 45�, 135�, and equivalent orientations, rotating the
polarization by 90�. Thus, the ZnO crystal of 2mm thickness
can be used as a half-wave plate at 0.42 and 1.24 THz, and
also a quarter-wave plate at 0.62 and 1.03 THz. Certainly,
further design is required for broadband applications.13)

In order to understand the giant THz birefrigence in ZnO,
we carried out an ab initio phonon calculation using
CRYSTAL0914) which employed a hybrid exchange-
correlation function B3LYP15) and a localized basis set of
Gaussian type functions (GTFs). All electron GTFs were
used for Zn16) and O.17) The bandgap was calculated
�3:23 eV with full optimization of the lattice constant
and oxygen position, in good agreement with the recent
calculation of Du and Zhang.18)

The birefringence in the optical region (�1 eV range) is
related to the crystal symmetry and ZnO belongs to the
uniaxial system with "xx ¼ "yy 6¼ "zz. We performed the
coupled perturbed Kohn-Sham calculation19) to get the
dielectric constant tensor in the visible region; "xx ¼ "yy ¼
3:3891 and "zz ¼ 3:4213, which give no ¼ nxx ¼ ffiffiffiffiffiffi

"xx
p ¼

1:8410, ne ¼ nzz ¼ ffiffiffiffiffi
"zz

p ¼ 1:8497, and the birefringence of
0.0087. Since ZnO has ionicity,20) the birefringence in the
THz region is related to the difference of the transverse
optical and longitudinal optical (TO–LO) phonon splitting
between the zone center optical phonons (A1 and E1) in the
infrared region (few hundred wavenumber) in addition to the
birefringence in the optical region. In order to calculate the
birefringence in the THz region, full phonon calculations
were performed.21) For ZnO having the wurtzite structure,
it is well known that the non-degenerate A1 and doubly
degenerate E1 modes are infrared active. Our calculation
shows that the LO (TO) phonon frequency of the A1 mode
is 589.18 cm�1 (384.31 cm�1) and the LO (TO) phonon
frequency of the E1 mode is 606.38 cm�1 (418.05 cm�1).
The relative intensity ratio of the A1 and E1 modes is
664 : 1270.

Symmetry analysis shows that "xx ¼ "yy ¼ n2o is related to
the E1 modes and "zz ¼ n2e to the A1 modes. The dielectric
constant tensor, "ð!Þ, in the THz region can be expressed in
terms of the high-frequency dielectric constant tensor, "ð1Þ,
the LO and TO phonon frequencies (!E1;LO, !E1;TO, !A1;LO,
and !A1;TO), and the damping constant, �:

"xxð!Þ ¼ "xxð1Þ !
2
E1;LO � !2 � i�!

!2
E1;TO � !2 � i�!

; ð3Þ

"zzð!Þ ¼ "zzð1Þ !
2
A1;LO � !2 � i�!

!2
A1;TO � !2 � i�!

: ð4Þ

Having the necessary information from the ab initio calcu-
lation and assuming � ¼ 27:3 cm�1 from ref. 6, calculations
of the complex dielectric constant tensor in the THz region
were performed. Figure 3(a) shows the real parts of the
complex refractive indices of ZnO with respect to the
two different polarizations: the extraordinary and ordinary
refractive indices. The extraordinary and ordinary refractive

Fig. 2. (Color online) Azimuthal angle dependence of the amplitude

transmittance of the ZnO sample at 0.42 and 1.24 THz, measured in the

parallel-polarization configuration. The 0� (180�) and 90� (270�)
orientations represent ordinary and extraordinary waves, respectively.

Fig. 3. (Color online) (a) Refractive indices and (b) absorption

coefficients of ZnO in the THz region for the extraordinary (red curve) and

ordinary (blue curve) waves, obtained from the ab initio calculation. The

dashed curves in (b) indicate experimental results.
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indices at 1 THz are 2.841 and 2.671, respectively, and thus,
the birefringence at 1 THz is 0.170, which is about 20 times
larger than the birefringence in the visible region. Our
ab initio calculation reproduces the experimental results
quite well and shows that the huge birefringence in the THz
region originates from the difference of the TO–LO phonon
splitting between the optical phonon branches (A1 and E1).
As shown in Fig. 3(b), the absorption coefficients of ZnO for
the two different polarizations, which are obtained from the
imaginary parts of the complex refractive indices, also agree
with the measured results. They are lower than 4 cm�1 in the
given THz frequency range in accordance with the result in
ref. 6 and the low absorption property of ZnO is of benefit to
THz device applications.

In conclusion, we have studied the THz birefringence of
the ZnO crystal with crystal orientation of h10�10i using a
THz time-domain spectrometer in a parallel-polarization
configuration. The birefringence of ZnO measured about
0.180 in the 0.25–1.35 THz frequency range shows good
agreement with the calculated value of 0.170 from the full
phonon consideration. This huge birefringence of ZnO in the
THz frequency region is well understood in conjunction with
the TO–LO phonon splitting.
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