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A two-element tunable Lyot filter operating in the terahertz (THz) frequency range is demonstrated.
The central bandpass frequency of the filter can be continuously tuned from 0.388 to 0.564 THz (a
fractional tuning range of 40%) using magnetically controlled birefringence in nematic liquid
crystals. The transmission bandwidth is 0.1 THz and the insertion loss of the present device is 8 dB
due to the scattering of LC molecules in the thick LC cells. This filter can be operated at room
temperature. © 2006 American Institute of Physics. [DOI: 10.1063/1.2181271]

For THz studies of ultrafast dynamics in materials to
medical, environmental sensing, and imaging as well as'™
future applications in THz communication and surveillance,
quasi-optic components such as filters, phase shifters, attenu-
ators, and polarizers are indispensable. Up to now, several
designs of THz filters have been reported. These include fre-
quency filters such as two-dimensional metallic hole arrays
(2D-MHA) or photonic crystals that act as a bandpass filter
or frequency selective surface (FSS).* A filter with fixed
center frequency of 0.4 THz using a binary gratiné:{ with rect-
angular grooves as FSS was also demonstrated.” Wu et al.
reported a THz plasmonic high pass filter consisting of high-
aspect-ratio micron-sized wire arrays.7 Tunable THz filter
designs include: a tunable THz attenuator and filter based on
a mixed-type I/type II GaAs/AlAs multiple quantum well
structure tuned by optical injection;8 a metallic photonic
crystal filter made tunable over the range of 365-386 GHz
by a relative lateral shift of 140 um between two microma-
chined metallic photonic crystal plates.9 By use of StTiO; as
a defect material inserted into a periodic structure of alter-
nating layers of quartz and high-permittivity ceramic, Nemec
et al.'’ tuned a single defect mode in the one-dimensional
photonic crystal from 185 GHz at 300 K down to 100 GHz
at 100 K. Voltage controlled wavelength selection at
microwave frequencies was achieved by Yang and Sambles'!
using a structure of metallic slat gratings with the thin
grooves between the metallic slats filled with nematic liquid
crystal (NLC). Similarly, Tanaka and Sato'? reported electri-
cally controlled millimeter-wave (up to 94 GHz) transmis-
sion properties of stack-layered NLC cells with metal
substrates. Recently, we reported control of enhanced THz
transmission  through 2D-MHA using magnetically
controlled birefringence in NLC."

The Lyot filter," a type of birefringent filter widely em-
ployed in the visible and near infrared, is based on interfer-
ence of polarized light a stack of birefringent elements with
their optical axes rotated with respect to each other. Lyot
filters can be made tunable using active birefringent retarders
such as electro-optic crystals15 and liquid crystal cells.' Re-
cently, we have developed variable THz phase shifters or
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retarders' "' by magnetically controlling the birefringence
in NLCs."* 2 In this letter, we construct and characterize
a room-temperature tunable THz Lyot filter based on mag-
netically controlled retardation in liquid crystal (LC).

Two kinds of LC cells, the homogeneous and homeotro-
pical cells, are used in our filter. Each cell is constructed with
two fused silica plates with aluminum spacers and filled with
E7 (Daily Polymer Crop., Taiwan). The inner silica surfaces
of homogeneous cells are coated with polyimide21 followed
by rubbing while the homeotropic cells are coated with
N, N-dimethyl-n-octadecyl-3-aminopropyltrimethoxysilyl
chloride,”* to align the LC molecules parallel and perpen-
dicular to the surface, respectively.

The LC-based Lyot filter has two elements, A and B,
which are separated by a linear polarizer (Fig. 1). Each ele-
ment consists of a fixed retarder (FR) and a tunable retarder
(TR). The FR consists of a pair of permanent magnets sand-
wiching a homogeneously aligned LC cell. Sufficiently large
magnetic field is required for quenching the director fluctua-
tion of LC molecules and reducing the scattering in the thick
LC cell [inset (a) of Fig. 1]. The homogeneous cells in FR,
and FRy supply fixed phase retardations, I'y and I, respec-
tively, for THz waves. The tunable retarders, TR, and TR
[inset (b) of Fig. 1], are used to achieve the desired variable
phase retardation, AI'y and AT';. They are of our previous
design,”’18 i.e., a fixed homeotropically aligned LC cell nor-

() Fixed retarder (FR) (b) Tunable retarder (TR)

tation axis .
X-axis Or y-axis)
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=
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P

FIG. 1. The schematic diagram of the LC-based tunable THz Lyot filter. P:
polarizer; N: North pole; S: South pole.
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mal to the z axis is placed at the center of the magnet rotat-
able along the x or y axis (see Fig. 1). As the magnet rotates
to a new position, the LC molecules are reoriented parallel to
the new field direction and provides a variable effective
index of refraction.

The transmittance, T, of the two-element L4y0t filter for
normally incident THz wave can be written as’

r,+AI’ I'y+ AT
T=cos2<%> -0052(%) (1)

Because of the birefringence of LC, the THz waves which
pass through each element will be separated into extraordi-
nary and ordinary rays (e ray and o ray) with corresponding
time delays A7, and the phase retardation I'=27- A7 f. The
transmittance of the THz Lyot filter as a function of
frequency of the THz waves, f, is then given by

T(f) = cos*(m- A7y - f) - cos> (- A7y - f). (2)

The Lyot filter in this work is designed such that Ay
=2Ar,. Satisfying this condition, T(f) in Eq. (2) becomes

T(f) =4 cos®(m- A7y - f) —4 cos*(m- A7y - f)
+cos’(m- A1y f). (3)

The first maximum of 7(f) occurs when the condition
A7y f=1 is fulfilled.

The filter can be operated in either the “positive” or
“negative” mode. That is, the corresponding phase retarda-
tion provided by the TRs is positive or negative. The fre-
quency tunable range can be extended by operating the filter
in both modes. In the positive/negative mode, the rotary axes
of the magnets in TR, and TRp is parallel to y/x axis. The
retardations by the TRs, AI'y and Al'p, are then both
positive/negative with respect to the retardation by the FRs.
The angle between the aligned direction of homogeneous
cells and the polarization of THz waves is 59°. Discussion
about this chosen angle is given later in this letter.

The thicknesses of LC layers in FR, and FRy are 4.5 and
9.0 mm each. A pair of permanent magnets (sintered Nd-
Fe-B) with the magnetic fields (~0.18 T) parallel to the LC
cell surfaces is used in order to ensure stable alignment.23
The thickness of LC layers in TR, and TRy are 2.0 and
4.0 mm, respectively. The maximum magnetic field at cell
position in the rotary permanent magnets is 0.427 T. The
retardation of THz waves through the homeotropic cells can
be tuned by rotating the magnets. TR, and TRy can be either
positive or negative depending on the rotary axes that are
parallel to the y or x axis. The filter was characterized by
using a photoconductive-antenna-based THz time-domain
spectrometer.

An example of the transmitted THz spectrum through
the filter with the A74,=2.2 ps normalized to the maximum of
transmittance, is shown in Fig. 2. The transmitted peak fre-
quency and the bandwidth of the filter are 0.465 and
~0.10 THz, respectively. The corresponding THz temporal
profile with total retardation, AI'=0 is shown in the inset of
Fig. 2. Note that there are four peaks with peak separations
equal to A7,. This can be understood as follows: The THz
wave is separated into o ray and e ray after passing the first
element and these two waves are further separated into o-o
ray, e-o ray, o-e ray and e-e ray, respectively, again after
passing the second element. The transmission spectrum can
be considered as a manifestation of the interference among
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FIG. 2. An example of the transmitted spectrum of the broadband THz pulse
through the LC filter. The time-domain signal is shown in the inset.

the four peaks of the THz signal in the time domain. The
theoretical curve according to Eq. (2) is shown as the solid
curve, which agrees with the experimental data.

The birefringence of E7 estimated from the A7, and the
thickness of the LC layer is 0.155 in the sub-THz frequency
range. This is somewhat smaller than what we reported pre-
viously (0.170)."® It is also lower than that in the visible but
in accord with reported dielectric anisotropy in the micro-
wave and millimeter wave ramge.11 Conceivably, the effect of
thermal fluctuations of molecular orientations in a LC layer
as thick as 9 mm could significantly reduce the effective
birefringence of the LC.

The filter is tuned by rotating the magnets in TR, and
TRy synchronously such that the condition A7z=2A7, re-
mains satisfied. To ensure fulfilling of this criterion, the de-
pendence of A7z and A7, on rotation of the magnets has
been calibrated independently. The desired A7z and A7, can
thus be obtained by rotating the magnets by the appropriate
angle according to the calibration.

The temporal profiles of transmitted THz waves with
different A7, are shown in Fig. 3. The temporal THz profile
is split from one peak into four peaks after passing through
the filter. The equal time difference, A7y, between each peak
can be observed from measured data. The transmitted fre-
quency spectrum comes from the interference of these four
parts of the THz signal and can be obtained by applying fast
Fourier transform to the signals. The peak transmitted fre-
quencies versus A7, are shown in Fig. 4. The solid line is the
theoretical curve according to A7,-f=1. The peak transmis-
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FIG. 2. THz signals transmitted through the tunable LC Lyot filter for
delays, A7,=1.8, 2.2 and 2.6 ps.
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FIG. 4. The peak transmitted frequencies of the filter vs A7,. The circles are
experimental data and the curve is theoretical prediction from Eq. (3).

sion frequency of the filter decreases with the increasing
A7,. The tuning range of the filter is from 0.388 to
0.564 THz. The insertion loss of the device is around 8 dB.
It is attributed mainly to the scattering of the LC molecules
of the thick cells (4.5 and 9 mm) used as fixed retarders.

Consider the case of a general Lyot filter consisting of
a phase retarder between a pair of the parallel polarizers.
The angle, ¢, between the slow axis of the retarder and the
polarization direction of the polarizers, will affect the ratio of
the field amplitudes of e ray and o ray without changing the
retardation. As the peak transmitted frequency of the Lyot
filter depends only on the retardation [see Eq. (1)], the spec-
tral distribution of electromagnetic wave transmitted trough
the Lyot filter is not affected by the angle ¢. On the other
hand, the transmitted waves can be viewed as the interfer-
ence of e ray and o ray propagating through the elements.
Complete interference will only occur when the field ampli-
tudes of the e ray and o ray are equal. In general, this con-
dition can be achieved when ¢=45° for a lossless retarder.
The absorption of E7 (k< 0.05) in THz range is small.'® The
major losses in this work are scattering loss which is due to
the thermal fluctuation of LC molecular orientations.”
Further, the loss of ordinary ray is larger than that of the
extraordinary ray in E7.

We have measured the peak amplitude of the transmitted
THz electric fields for o ray and e ray as a function of ¢. The
experimental data are shown as open circles and triangles in
Fig. 5, respectively. Recall that the electric field amplitudes
of o ray and e ray, E,(¢) and E,(¢), are linearly proportional
to sin’(¢) and cos?(¢), respectively. These are plotted a that
solid curves in Fig. 5. Both the theoretical predictions and
experimental data show that the ratio of E,(¢) and E,(¢) is
indeed equal to 1 when ¢$=59°.

In summary, we have demonstrated for the first time a
tunable room-temperature THz Lyot filter. The key elements
are fixed and variable liquid crystal phase retarders. The cen-
tral bandpass frequency of the filter can be continuously
tuned from 0.388 to 0.564 THz (a fractional tuning range of
40%) using magnetically controlled birefringence in nematic
liquid crystals. The insertion loss of ~8 dB is attributed to
scattering of the LC molecules in the thick LC cells. The
bandwidth of the present device is 0.1 THz. Still narrower
bandwidth is possible by adding more elements. This filter
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FIG. 5. The amplitudes of transmitted THz fields of e ray and o ray vs ¢.

can be operated at room temperature. The experimental re-
sults are in agreement with theoretical predictions. Extension
of the LC-based Lyot filter to the higher THz frequency
range (10-30 THz) or mid-infrared is straightforward, with
additional benefits of still larger tunable range because of the
shorter wavelength.
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