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ABSTRACT   

The applications of liquid-crystal-based devices the sub-millimeter wave or THz (1 THz = 1012 Hz) frequency range has 
blossomed recently. In this paper, we review the methodology for determination of the THz optical constants of nematic 
liquid crystals, using E7 as an example. To demonstrate potential applications, we report an electrically tuned THz Solc 
filter.   
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1. INTRODUCTION  
In the past two decades, THz studies ranging from investigations of ultrafast dynamics in materials to medical, 
environmental sensing and imaging have been actively explored1-4. For these and future applications in THz 
communication and surveillance, quai-optical components5 are increasingly in demand. Liquid-crystal-based THz 
devices are attractive in quasi-optical systems provided LCs exhibit reasonably large birefringence and acceptable 
transmittance in this increasingly important frequency range can be found. Indeed, several kinds of LC THz devices, e.g., 
phase shifters6, birefringent7, 8, plasmonic9, and Fabry-Perot filters10, polarizers11, phase gratings12, and Bragg switches13, 
have been demonstrated.  The present paper reviews the methodology for determination of the THz optical constants of 
nematic liquid crystals, using E7 as an example. To demonstrate potential applications, we report an electrically tuned 
THz Solc filter. 

2. THZ BIREFRINGENCE AND OPTICAL CONSTANTS OF LIQUID CRYSTALS  
For THz LC devices, the knowledge of the extraordinary and ordinary refractive indices, ne and no, as well as the 
birefringence (Δn = ne – no) of LCs in the far-infrared (submillimeter wave) or THz frequency range is essential. The 
preferred technique is THz time-domain spectroscopy or THz-TDS.   In the following, we will briefly review the 
experimental and theoretical methods for extracting the complex optical constants of nematic liquid crystals. The LC 
mixture E7 (Merck), with wide nematic temperature range (-10ºC~59ºC), was the LC of choice in most of the LC THz 
devices mentioned above6-13., we thus choose E7 as an example to illustrate14. 

2.1 Experimental method 

A homogeneously aligned LC cell and a reference cell were prepared in this work. The reference cell was constructed by 
two optical-grade fused silica windows with thickness of d1 and d2, respectively. The LC cell was constructed by 
sandwiching the LC (E7, Merck) between two windows of the aforementioned types with thickness of d3 and d4, 
respectively. Thickness of the liquid crystal layer was controlled with Mylar spacer and measured by subtracting the 
substrates thicknesses from the total cell thickness. The LC layer thickness in this work is dLC=0.552±0.002 mm. We 
achieved homogeneous alignment of the nematic LC by rubbing the polyimide films on the substrates. The temperature 
of the liquid crystal cell can be varied with an accuracy of ±0.1ºC. Thickness of each of the windows employed was 
found to be ~3 mm as measured with a micrometer. 

To determine the optical constants, A home-made antenna-based THz time-domain spectrometer (THz-TDS) with a 
collimated beam at the sample position was used 6. The THz spectrometer was purged with dry nitrogen so that it could 
be maintained at a relative humidity of (4.0±0.5) %. A schematic of the THz-TDS experiment is shown in Fig. 1. THz-
TDS measurements are performed at room temperature (300K). The power spectral S/N ratio is as high as 106. Briefly, 
terahertz pulses generated from femtosecond laser-excited dipole-type antenna fabricated on low-temperature-grown 
GaAs were collimated by an off-axis paraboloidal mirror and propagated through the sample at normal incidence. The 
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transmitted terahertz pulses were focused on another dipole-type antenna that was gated by time-delayed optical probe 
pulses and oriented to detect terahertz waves that were polarized parallel to the incident terahertz wave polarization. In 
the experiments, either the reference of LC cell was placed in the THz-TDS at the position where the THz beam was 
collimated. For measurements of the extraordinary and ordinary indices of refraction, ne and no, we rotate the LC cell 
such that its director is either perpendicular or parallel to the polarization direction of the incident THz wave.  

  

 
 

2.2 Extraction of optical constants 

For a monochromatic plane THz wave propagating through the cells at normal incidence (see Fig. 1), we can write 
the electric field of the THz wave transmitted through the reference cell as 

% %
0 1 2( ) ( ) exp ( / ) ( ) exp ( / ) ( ) ,    (1)aw wa w aref aE E t t i c n d d i c n d dω ω ω ω⎡ ⎤ ⎡ ⎤= ⋅ − + ⋅ − +Δ⎣ ⎦ ⎣ ⎦

% %  

Where E0(ω) is the electric field of the incident THz wave. The ratios, % % %2 / ( )aw a a wt n n n= +% and % % %2 / ( )wa w w at n n n= +%  
are the transmission coefficients of the THz signal from air to the fused silica substrate and from the substrate to air, 
respectively; % wn  and % an  are the refractive indices of the substrate and air. Here, the slight difference in thickness, 
d1+d2 and d3+d4 of the reference and LC cells is taken into account by the term Δd = (d3+d4)-(d1+d2); da is thickness of a 
mass of air assumed to have the same value as dLC. Similarly, the electric field of the THz wave passed through the LC 
cell can be written as 

% LC0 3 4( ) ( ) exp ( / ) ( ) ( , ),              (2)aw w LC LC w wa wLC LCE E t t t t i c n d d FP dω ω ω ω− − ⎡ ⎤= ⋅ − + ⋅⎣ ⎦
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where % % %2 / ( )w LC w w LCt n n n− = +%  and % % %2 / ( )LC w LC LC wt n n n− = +%  are the transmission coefficients from fused silica 
substrate to the LC layer and from the LC layer to the substrate interfaces, respectively. The FPLC parameter is the 
Fabry-Perot coefficient for multiple reflections of the THz beam in the nematic LC cell, and can be written as  
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with a thickness of dLC, and % LCn  is the complex refractive index of LC. In expressing the transmitted THz wave as in 
Eqs. (1) and (2), we assumed that the multiple reflections in the substrates can be ignored. Experimentally, this is done 
by choosing the measurement time window such that the multiple reflections are excluded. Using Eqs.(1) and (2), we can 
write the transmission coefficient of the LC cell, normalized to that of the reference as 
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Expressing % LCn , %wn  and %an  into their real and imaginary parts, % LC LC LCn n iκ= + , %w w wn n iκ= +  and % 0an n= , we 
can write the complex refractive index of LC as following:  
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and 

Fig. 1  A general sketch of the home-made 
THz-TDS system. The arrow indicates laser 
pulses from a femtosecond Ti: sapphire laser; 
BS: optical beam splitter. 
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Previous studies6,12 have shown that there is no resonance in the spectral range (0.2~1.2 THz) for either ne or no  of E7. 
It is then expected that its ordinary and extraordinary refractive indices can be fitted by the three-parameter Cauchy 
formula15  

2 4
, , , , .                                                                             (7)o e o e o e o en A B Cλ λ− −= + +  

For several LCs, including E7 at room temperature, Li and Wu15 have determined the fitting parameters. The 
birefringence of the liquid crystal can then be calculated using Eq. (7). 

.  
2.3 Complex Optical Constants of E7  

For the range of 0.2~2.0THz, the extraordinary (ne) and ordinary (no) indices of refraction of E7 at 26ºC and its refractive 
index in the isotropic phase (60ºC) are shown in Fig. 2. Clear anisotropy in nematic phase was observed with ne = 
1.690~1.704 and no = 1.557~1.581. The refractive indices decrease slightly with increasing frequency from 0.2 to 2 THz. 
This general trend is also observed in recent study of the THz birefringence of the homologous series of nematic 
cyanobiphenyls (CBs) by Vieweg et al.16. The corresponding THz birefringence (Δn) of E7 at 26ºC is about 
0.130~0.148, and plotted as a function of frequency in Fig. 3. This is comparable to the reported birefringence of E7 in 
the microwave range (Δn = 0.13~0.15), but somewhat smaller than those in the visible band (Δn = 0.21~0.26). Extinction 
coefficient of E7 are shown in Fig. 4 with κe = 0.010~0.020 and κo = 0.028~0.042. In other words, the absorption 
coefficient for ordinary and extraordinary waves at 1 THz are αe = 5.001 cm-1 and αo = 15.573 cm-1, respectively. Data 
shown in Figs. 2 and 4 indicate that there is no sharp absorption feature for E7 in this range. Figure 4 also shows that E7 
is dichroic with a dichroic ratio, R = αo/αe, being 3.11 at 1 THz. 
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Fig. 2. The real refractive indices of E7 are 
plotted as functions of frequency. The blue circles 
and the red triangles are the extraordinary and 
ordinary refractive indices of E7, ne and no at 
26°C, respectively. The black squares are the real 
refractive indices of E7 in the isotropic phase (at 
60°C). The error bars are comparable to or 
smaller than the symbols. 

Fig. 3. Frequency dependence of the 
birefringence of E7 measured at 26°C. The 
error bars are comparable to or smaller than 
the symbols. 

 

Fig. 4. The imaginary refractive indices of 
E7 are plotted as functions of frequency. 
The blue circles and the red triangles are the 
κe and κo at 26°C, respectively. The black 
squares are the imaginary refractive indices 
of E7 in the isotropic phase (at 60°C). The 
error bars are comparable to or smaller than 
the symbols. 
 

 

2.4 Wavelength-dependence of the optical constants 

For comparison, we have organized the refractive indices of E7 reported in the literature from the visible, near 
infrared, mid-infrared to the millimeter waves together with those of ours in the millimeter and sub-millimeter wave 
range. This is shown in Fig. 5. The data from the visible to the mid-infrared can be fitted quite well by Eq. (7). The 
refractive indices in the THz (sub-millimeter wave), millimeter wave and microwave range, however, deviate 
significantly from the fitting curves. Similarly, the available birefringence data and the fitting curves across the entire 
spectrum are shown in Fig. 6. 
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Fig. 5. The refractive indices of E7 reported in the literature from 
the near infrared, mid-infrared to the millimeter waves together 
with those of this work in the millimeter and sub-millimeter wave 
range. 

Fig. 6. The birefringence of E7 reported in the literature from the 
visible, near infrared, mid-infrared to the millimeter waves together with 
those of this work in the millimeter and sub-millimeter wave range. 

 
The above observations could be qualitatively explained. It is well-known that dispersion could vary significantly 

near resonances. Cyanobiphenyls, such as 5CB and 7CB, are major components of E7 and 5CB and are known to have 
broad absorption features near 100, 140 and 165 cm-1, i.e., ~3 to 6 THz.17 In particular, there is a broad shoulder 
extending from the sub-THz frequencies to the absorption band near ~ 100 cm-1 assigned to the libration of the rigid 
molecule around its long axis. The far-infrared absorption spectrum of 7CB exhibits similar profiles with absorption 
bands near ~ 100, 160 and 180 cm-1.18 Thus we can qualitatively understand the deviation of the THz refractive indices 
of E7 from Eq. (7), the 3-parameter Cauchy Equation, as it does not take into accounts these far-infrared resonances. 

3. ELECTRICALLY TUNED THZ SOLC FILTER 
The Lyot19 and Solc20 filters are birefringent filters widely employed in the visible and near infrared. These are based on 
interference of polarized light. We have previously reported a LC based tunable THz Lyot filter7 with tunable range 
from 0.388 to 0.564 THz, a fractional tuning range of 40% was also reported. Similarly, a LC Solc filter21 for 
which the first central pass-band frequency of the filter can be continuously tuned from 0.176 THz to 0.793 THz 
was developed by our group. Both devices utilized magnetically controlled birefringence in nematic liquid crystals. 
Here we describe an electrically tuned THz Solc filter as another example of potential applications of LC devices 
in the THz frequency range. 

3.1 Basic Principles 

A typical Solc filter consists of a stack of identical birefringence plates with folded azimuth angles between 
crossed polarizers or fanned azimuth angles between parallel polarizers. In this work, we have constructed and 
characterized a THz Solc filter using liquid crystal for the birefringent phase plate. The folded Solc filter design22 was 
adopted. It composed of a series of even number of half-wave plates at central frequency fc between crossed polarizers. 
Each of the wave plates must be oriented at the azimuth angle ρ and – ρ alternatively with respect to the polarization of 
incident electromagnetic wave. The central frequency fc of the filter is given by 

( 2 1) , 0 ,1, 2 , 3 . . . ,
2 ( )c

e f f o

m cf m
n n d

+
= =

−             (8) 
Where no and neff are refractive indices of ordinary and effective extraordinary waves, respectively, d is the thickness of 
each wave plate, and c is the speed of light in vacuum, m is the order of the half-wave plates. The transmittance of the 
filter is given by T = sin2 2Nρ. Thus, if the final azimuth angle of polarization is equal to 90° at central frequencies, the 
light passes through the rear polarizer without any loss of intensity but light at other frequencies will have losses.  
 
3.2 Device Configuration 

The electrically tuned LC phase shifter, which is a key element of the design, is shown in Fig 7. Fused silica plates with 
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an area of 4.5 cm by 2.5 cm were employed as the substrates. The cell is filled with LC, E7 (Merck). We used copper 
spacers for controlling the thickness of the LC layers to 1.5 mm each. These served as electrodes as well. The distance 
between two copper spacers is 18mm. The inner surfaces of the plates were coated with DMOAP such that the LC 
molecules were initially perpendicular to the substrates. One element of a tunable LC THz Solc filter is shown in Fig. 4.3. 
The propagation direction of THz wave is along the Z-axis and the direction of applied electrical field is tilted at either 
22.5° or -22.5° with respect to the X-axis. 

 
Fig. 7. The schematic diagram of homeotropical alignment LC cell for electrical tuned phase shifter. The cell gap is 1.5mm. 

The arrangement of a tunable two folded THz Solc filter based on electric controlled retardation in LC is shown in Fig. 
8. The applied electrical field directions have tilting angles 22.5° and - 22.5° with respect to the polarization of input 
light respectively. 

 
The arrangement of a tunable dual folded THz Solc filter based on electric controlled retardation in LC is shown in Fig. 
8. The applied electrical field directions have tilting angles 22.5° and - 22.5° with respect to the polarization of input 
light respectively. 

The tunable retarder elements are our electrical controlled THz phase shifters, i.e., a homeotropicly aligned LC cell 
controlled by a pair of copper spacers as electrodes to achieve the desired variable phase retardation, δ(v) 
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where L is the thickness of LC layer, f is the frequency of the THz waves, c is the speed of light in vacuum, no and ne 
are the ordinary and extra-ordinary refractive indices of the LC. θ is the angle between the polarization direction of 
electricomagnetic wave and the pricipal axis of LCs. The theoretical phase retardation can be calculated as we know the 
no and ne of LC. With positive dielectric anisotropy, the E7 molecules in the bulk of the cell will be reoriented toward 
the applied electric field if the field is increased beyond the threshold voltage (the Freedericksz transition), 
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LV , where L is the distance between two electrodes, d is thickness of the NLC layer, and 3k , εa = ε|| 

- ε⊥, and  ε0 are the bend elastic constant, dielectric anisotropy, and electric permittivity of free space, respectively. We 
change the applied voltage from 0 to 50V and the threshold voltage (Vth) in our work is ~13.4V, with L=18mm, 
d=1.5mm, 3k = 1.71×10-11N, and εa = 13.8 (from Merck). The applied voltages quoted in this paper are all rms values. 
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Fig. 8 The schematic diagram of one element 
in a tunable LC THz Solc filter (left) and the 
schematic of the two-fold THz Solc filter. 
The propagation direction of the THz wave is 
along Z axis. The direction of applied 
electrical field is tilted with 22.5° or -22.5° 

referring to X axis. 
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The retardation provided by homeotropic TRs are zero when the LC molecules are parallel to the z-axis and change by 
varying the applied voltages.  

Figure 9 shows the central pass band frequency is tuned from 0.717 to 1.142 THz by changing voltage. The solid 
curve is theoretical prediction according to the theory and the circles are experimental data. 
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To compare, we have summarized the characteristics of several birefringent LC-based tunable THz filters developed by 
our group in Table 1.  
 

  Magnetically tuned 
Solc Filter8 

Electrically tuned  
Solc Filter (this work) 

Magnetically tuned 
Lyot Filter7  

Tunable 
Range 

0.176 ~ 0.793THz 
(a fractional tuning range 
of 350%). 

0.717 ~1.142THz 
 (a fractional tuning 
range of 59%). 

0.388~0.564 THz 
(a fractional tuning range 
of 40%). 

Insertion 
Loss 

~ 5dB ~ 3.7dB ~ 8dB 

 

Table 1 The performance of several types of birefringent LC-based tunable THz filters are compared. 

4. SUMMARY 
The applications of liquid-crystal-based devices the sub-millimeter wave or THz (1 THz = 1012 Hz) frequency range has 
blossomed recently. In this paper, we review the methodology for determination of the THz optical constants of nematic 
liquid crystals, using E7 as an example. The extinction coefficient of E7 at room temperature is less than 0.035 and 
without sharp absorption features in the frequency range of 0.2~2.0 THz. The extraordinary (ne) and ordinary (no) indices 
of refraction at 26ºC are 1.690~1.704 and 1.557~1.581, respectively, giving rise to a birefringence of 0.130~0.148 in this 
frequency range. The temperature-dependent (26ºC~70ºC) order parameter extracted from the birefringence data agrees 
with that in the visible region quite well. Further, the temperature gradients of the THz optical constants of E7 are also 
determined. The optical constants of E7 in the THz or sub-millimeter wave range are found to deviate significantly from 
values predicated by the usual extended Cauchy equations used in the visible and near-infrared. To demonstrate potential 
applications, we report an electrically tuned THz Solc filter. A two-stage folded Solc filter can be electrically tuned with 
0.717 ~1.142THz (a fractional tuning range of 59%). The insertion loss of the device is 3.7 dB. This is another example 
that clearly demonstrates the potential of liquid crystal devices for THz applications. 
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