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Abstract.1 We have manufactured and investigated a 
novel phase retarder based on a rare and less studied liq-
uid crystal phase, such as the Crystal Smectic G-phase 
prepared by mixing two certified nematic mixtures. The 
phase retarder is transparent in the visible and near-
infrared parts of the optical spectrum. The temperature 
stability over a wide temperature range, high birefrin-
gence, and high strength, allow the production of various 
types of phase retarders that can be used in optics, optical 
chemical analysis, and polarimetry.  
 
Keywords: Crystal Smectic G phase, phase retarder, 
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1. Introduction 

Phase retarders or wave-plates are the birefringent 
optical devices used to modulate the phase of polarized 
light in bulk optical systems. The most common polariza-
tion modulators act as converters between linear and cir-
cular polarization states and between linear polarization 
states with different directions of linear polarization. The 
change in retardation can be achieved by changing the 
optical thickness in a birefringence crystal1, using piezo-
electric mirrors, by changing the birefringence of a mate-
rial,2 and in Pockels/Kerr cells.3 Phase retardance is ex-
pressed in units of length, waves, degrees, or radians. The 
most common types of wave plates are quarter-wave 
plates (λ/4 plates) and half-wave plates (λ/2 plates), where  
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the difference of phase delays between the two linear 
polarization directions is π/2 or π, corresponding to 
propagation phase shifts over a distance of λ / 4 or λ / 2. 
Since the birefringence of commonly available crystals is 
weak, conventional wave plates usually have a large 
physical thickness to obtain the desired phase retardation, 
which greatly hinders the miniaturization of bulky wave 
plates and restricts the development of on-chip optics and 
photonics integration.4 Due to their low cost, absence of 
moving parts, low driving voltage, and small sizes, the 
liquid crystals (LCs) are outstanding candidates for use in 
phase modulators as they exhibit a broadband birefrin-
gence (∆n), a giant optical nonlinearity and a transparent 
spectral region from 400 nm to 20 µm. LC-based polariza-
tion modulation is used in various optical devices for 
beam steering, spatial light modulation, imaging Stokes 
polarimetry, optical switching, and display applications. 
This technology provides important benefits for other 
typical retarders or phase shifters.5-18 However, the retar-
dance based on nematic LC strongly depends on an ambi-
ent temperature.19 Besides, most LC materials absorb the 
UV part of the optical spectrum, resulting in quick degra-
dation. Smectic liquid crystals (SmLCs) are materials 
formed by stacking deformable, fluid layers. SmLCs have 
a wide variation from low-ordered Sm phases to highly 
ordered Sm phases, which are often called Sm A, Sm B, 
Sm C, etc., according to the historical order of their dis-
covery, and are all characterized by the layered structure 
of LC molecules. Each SmLC phase, however, has a dif-
ferent molecular orientation and alignment in an Sm layer. 
The Sm phases, such as Sm B, Sm E, Sm I, Sm J, and Sm 
G, have interconnections between the molecular layers in 
a limited range, so they are sometimes classified as crys-
tals.20 In the present study, we have prepared a crystal Sm 
G (CSm G) phase and demonstrated for the first time that 
this state of the LC phase acts as a phase retarder with 
spectral and polarization characteristics independent of 
temperature in a wide temperature range.  
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2. Experimental 

2.1 Materials and Sample Preparation 

The CSm G LC mixture was prepared by mixing 
ZLI-1184 and ZLI-1185 (the nematic matrices) with a 
ratio of 1:1, w/w. Both materials were purchased from 
Merck. The prepared mixture was stirred in the isotropic 
phase at ~90 °C for ~25 min to make the constituents 
uniformly mixed. To implement the CSm G-based phase 
retarder and to investigate the retardation behavior of the 
resulting substance, we assembled a planar optical cell 
using two quartz plates of 30 x 30 x 1 mm in size. It is 
known from the literature that polymeric binders are one 
of the most vital components of organic coatings because 
they serve as a material that integrates with the other 
components, allowing the improvement in the adhesion 
properties of the thin-layer coatings.21-23 For this purpose, 
we used a solution composed of 99.4% water + 0.6 % 
polyvinyl alcohol (PVA) as a coating layer. The prepared 
solution was deposited on the quartz substrates by spin-
coating and then rubbed to obtain planar alignment of the 
LC material. The spacing between the quartz plates was 
fixed, using the Mylar films with different thicknesses. 
The prepared mixture was capillary infiltrated into the 
optical cell.  

2.2. Methods 

To study the optical, thermal, and photo-optical 
properties of the prepared CSm G phase, a method of 
optical spectral analyses was used. The polarizing digital 
microscope was used for the estimation of the CSm G 
structure homogeneity. The optical polarized microscope 
coupled to a fiber-optic spectrometer (Avaspec-2048, 
"Avantes") and a high-resolution CCD camera was used 
as the imaging-based technique for the visual and graphi-
cal presentation of the information of the transmitted light 
through the optical cell. A hot stage with 0.1 °C accuracy 
was used to control the optical cell temperature. The Abbe 
refractometer served for the measurement of the refractive 
index values at different wavelengths. 

2.3. Formation and Thermo-Optical 
Properties of CSm G Phase 

There are a number of Sm LCs, characterized by 
the variety of molecular arrangements within the layers, 
which vary from low-ordered Sm phases to highly-
ordered ones. For example, in the Sm B and E phases, the 
molecular long axes are essentially parallel to the normal 
layer planes, while in the Sm G, H, J, and K phases, they 
are tilted to the layer normals. Originally these phases 
were designated as smectics, but further investigations 

have demonstrated their three-dimensional character, 
which has an interaction between the molecular layers in a 
limited range, so they are sometimes classified as crys-
tals.24 Here we note that the LC mixture prepared by us is 
a CSm G phase, which is confirmed by several facts. In 
contrast to the Sm A and B phases, in which the optical 
axis is perpendicular to the Sm layers, the optical axis of 
the CSm G phase is inclined to the Sm layers. Moreover, 
the molecules in the CSm G phase exhibit a hexagonal 
positional arrangement, and the viscosity is significantly 
high so the glass plates of the optical cell cannot move, 
indicating a long translational order of the layers to each 
other. In addition, the prepared Sm phase has a very simi-
lar texture to the textures of the CSm G phases described 
in the literature.25-28 Using a spectrometer, we recorded an 
absorption spectrum of the prepared LC mixture in its 
isotropic phase and found that it is optically transparent 
starting from λ=270 nm. To determine the temperature-
dependent phase transitions the LC mixture was capillary 
infiltrated into 12 µm optical cells. Then an optical cell 
was embedded in the hot stage and placed under an opti-
cal microscope coupled to a spectrometer. The tempera-
ture dependencies of the phase transitions recorded during 
cooling and heating are demonstrated in Fig. 1. The se-
quence of phase transition temperatures during heating 
and cooling is equal to each other.  

 

 
 

Fig. 1. Temperature-dependent phase transition  
of ZLI-1184 + ZLI-1185 substance during  

cooling and heating 
 

As shown in Fig. 1, the temperature interval of the 
CSm G phase is wide, equal to 71.8 oC. Under the optical 
polarized microscope, the CSm G phase has a mosaic 
structure. Inside each cluster, molecules have a deter-
mined direction so that the optical axis of each one to the 
other has a random orientation. We found that each do-
main merges with another over time and transforms into a 
single uniaxial optical crystal when the optical cell was 
placed in a hot stage at 35 oC for 48 hours. The image in 
Fig. 2 shows the transformation of a mosaic multi-domain 
texture of the CSm G phase into a single and large CSm G 
domain with one optical axis with a well-determined di-
rection.  

From the moment of formation of a large area of 
the CSm G phase, it retains a homogeneous state over the 
entire temperature range of the phase existence. Next, we 
measured the wavelength-dependent refractive changing 
of indices of the obtained structure using an Abbe refrac-
tometer. Fig. 3 shows the wavelength-dependent extraor-
dinary ne and ordinary no refractive indices of the uniaxial 
CSm G phase at fixed room temperature. 
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Fig. 2. Time-dependent transformation of the CSm G phase from the initial mosaic  
multi-domain textures (a, b) into the final single-domain uniaxial one (c) 

 

 
Fig. 3. Refractive indices vs. wavelength for uniaxial CSm G 

phase at room temperature 

3. Results and Discussion 

Due to the high birefringence of the CSm G mate-
rial, the optical cell filled with CSm G substance acts as 
an optical phase retarder, with its optical axis parallel to 
the surface of the retarder. The experimental setup of the 
CSm G-based phase retarder is shown in Fig. 4. White 
light from a tungsten lamp passes through a collimating 
lens and then crosses a linear polarizer oriented at 45° 
relative to the optical axis of the retarder. The orthogonal 
polarization components pass through the material at dif-
ferent velocities (due to birefringence) and are phase-
shifted relative to each other,  which  forms  modified  po- 

larization states. After passing through the analyzer and a 
focusing lens, the emerging signal is collected by an opti-
cal fiber spectrometer coupled to the computer. 

The phase retardation, Γ, is given by the following 
expression, 

2 (( ) / )e on n Lπ λΓ = −     (1) 
where L is the thickness of the CSm G phase retarder, λ is 
the wavelength, and no and ne are the refractive indices of 
o-light and e-light, respectively. This Eq. (1) describes 
that retardance strongly depends upon incident wave-
length, material birefringence, and phase retarder thick-
ness. Retarders can be multiple-order, having several wa-
ves of retardance. The spectral-dependent retardation of 
the multiple-order phase retarder, assuming the perpendi-
cular incidence of the beam on the wave plate, is given by  

( , ) 2 [( ) / ] ( )e o

n

m

n L n n d
λ

λ

λ π λ λΓ ∆ = −∫   (2) 

where λm and λn correspond to the initial and final spectral 
positions of the wavelengths. Fig. 5 shows the multi-wave 
phase retardation produced by CSm G phase retarders. In 
particular, Fig. 5(a) displays the white light phase retarda-
tion produced by the CSm G retarder with 24 µm thick-
ness, and Fig. 5(b) shows the white light phase retardation 
produced by a CSm G retarder with 100 µm thickness. 
The fabricated phase retarders act as polychroic filters 
with a comb-like design having multiple polarization-
dependent variable transmission bands separated by mul-
tiple polarization-dependent absorption bands.  

 

 
Fig. 4. Schematics of the phase retardation measurement system consisting of a white light source, a collimating lens,  

a polarizer, a CSm G phase retarder, an analyzer, a focusing lens, and a spectrometer coupled to the computer

a) b) c) 
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Fig. 5. Transmittance spectra of the 24 μm thick and 100 μm thick CSm G phase retarders  
as a function of the incident light wavelength 

 
We have investigated the temperature-dependent 

phase retardation of the prepared CSm G phase retarder. 
For this purpose, an optical cell with 100 µm thickness 
was embedded in the hot stage. Starting from a tempera-
ture of +5.0 °C, the sample was heated up to 77.0±0.2 °C. 
After each temperature interval of 0.5 °C, the phase retar-
dation was recorded graphically and compared to that 
recorded before. Converting the graphical data to the digi-
tal one, we obtained that in the given temperature interval 
of 5.0 oC–64.5 oC and the given spectral area of 400-800 
nanometers, the temperature-dependent phase retardation 
was equal to zero as shown below 
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At the temperatures above 64.5 o C, the phase re-
tardation becomes temperature-dependent with the in-
creasing dependence and becomes maximum before the 
transition to the nematic phase. Using the CSm G-based 
phase retarder, we have demonstrated some examples of 
its application in optics and photonics. 

3.1. Spatial-Temporal Modulation  
of Two Collinear Laser Beams  

In this experiment, we used two CW-switched, He-
Ne and Nd:YAG lasers demonstrating the spatial-
temporal modulation of the laser emission when two laser 
beams propagate collinearly. A schematic of the experi-
mental setup is shown in Fig. 6.  

One of the two laser beams emitted by a 632 nm 
He-Ne laser passes through a half-silvered mirror, and the 
other, emitted by a 532 nm Nd:YAG laser, is reflected 
from the dielectric mirror and then reflected from a half-
silvered mirror. The two beams were aligned as col-
linearly as possible. The two collinear beams then pass 
through a neutral density filter, a polarizer, a CSm G re-

tarder, and an analyzer and are projected onto a screen. A 
CCD camera is used to spot the laser beams projected 
onto the screen. Since a standard CCD camera is sensitive 
to laser radiation, the beam images reflected from the 
screen are attenuated with a neutral density filter. The 
neutral density filter, the half-silvered, and the dielectric 
mirrors were selected so that the intensity of the laser 
beams was the same in each case. The laser light intensi-
ties at the screen surface were measured using an optical 
power meter (from Thorlabs). A spectrometer was used to 
record the modulation of the laser beam intensities. As 
shown in Fig. 7, when the polarizer and analyzer are 
crossed, the beam intensity emitted by the Nd:YAG laser 
is maximum, while the beam intensity emitted by the He-
Ne laser is minimum, Fig. 7(a). Vice versa, when the 
polarizer and analyzer are aligned parallel, the beam in-
tensity emitted by the Nd:YAG laser is minimum, and the 
beam intensity emitted by He-Ne is maximum, Fig. 7(b). 

Fig. 8 demonstrates the images taken by a CCD 
camera. Fig. 8(a) shows the blend of red and green lights 
when both Nd:YAG and He-Ne laser beams are projecting 
onto the screen. Fig. 8(b) displays the highest intensity 
emitted by the Nd:YAG laser and Fig. 8(c) shows the 
maximum intensity emitted by the He-Ne laser. 

3.2. Solar Spectral Radiation Division 
In these experiments, we have shown that the CSm G 

phase retarder can be used as a comb-like optical filter that 
simultaneously and selectively transmits and absorbs differ-
ent parts of the visible and near-infrared light emitted by the 
sun. For this purpose, we used the setup shown in Fig. 9, but 
in this case, the light received was solar radiation instead of 
the light emitted from an artificial light source. In this ex-
periment, the optical fiber is pointed at the sun. A spectrome-
ter was used to record the solar spectrum. First, the solar 
spectrum was recorded without using a CSm G phase re-
tarder. Then, the CSm G phase retarder with 100 µm thick-
ness was placed so that the linear polarizer aligned at a 45° 
angle to the optical axis of the retarder, and the solar spec-
trum was recorded again.  

a) 
b) 
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Fig. 6. Experimental setup to observe the spatial-temporal modulation of two collinear laser beams 
 

 
 

Fig. 7. Modulation of Nd: YAG (a) and He-Ne (b) lasers intensities produced by CSm G phase retarder 
 

 
 

Fig. 8. Laser intensities modulation controlled by CSm G phase retarder 
 

 
 

Fig. 9. The solar spectrum, recorded without (a) and with (b) CSm G phase retarder 

a) b) 

a) b) 
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Fig. 9(a) shows us the solar spectrum when no 
CSm G phase retarder was used, and Fig. 9(b) shows the 
solar spectrum when the beam passed through the CSm G 
phase retarder. Using a CSm G phase retarder, the solar 
spectrum was divided into small regions allowing us bet-
ter distinguish the solar spectral lines, such as the Fraun-
hofer lines, and investigate the solar photosphere.  

3.3. Aerospace Application 
The blue color of the sky is caused by the scatter-

ing of sunlight by atmospheric molecules. This scattering, 
called Rayleigh scattering, is most effective at short wave-
lengths. Scattering by molecules and small particles, less 
than one-tenth of a wavelength is predominantly Rayleigh 
scattering. For particle sizes larger than one wavelength, 
Mie scattering predominates. Rayleigh scattering exhibits 
a strongly wavelength-dependent behavior. At 400 nm, 
the scattering is 9.4 times larger than at 700 nm for the 
same incident intensity. In addition, Rayleigh scattering is 
the most polarized, which increases the contrast between 
sky and clouds, because the light scattered by clouds is 
unpolarized. Since the CSm G-phase plate acts as a po-
larization-sensitive optical filter, we used it to enhance the  

image contrast of objects seen in the sky. For this purpose, 
we assembled an optical cell with a thickness of 12.5 µm. 
The optical cell was filled with a CSm G mixture and 
constructed as described above. A spectrometer was used 
to record the light transmittance as a function of wave-
length at the different orientations of the analyzer. 
Fig. 10(a) shows the light transmittance when the polar-
izer and analyzer are crossed, and Fig. 10(b) shows the 
light transmittance when the polarizer and analyzer are 
aligned in parallel.  

 Next, the images of the clouds on a blue sky back-
ground are taken with a CCD camera. First, the image was 
captured without the CSm G-phase retarder and polarizers. 
Then, a setup was mounted so that the CSm G phase re-
tarder was oriented at 45° to the polarizer. Fig. 11 shows 
images of the same section of sky, with Fig. 11(a) showing 
the image without polarizers and CSm G phase retarder, 
Fig. 11(b) demonstrates the case where the polarizer and 
analyzer have crossed, and Fig. 11(c) shows the image 
where the polarizer and analyzer are aligned in parallel. 

Thus, a CSm-G phase retarder significantly im-
proved the resolution quality of the objects in the sky 
background. 

 

 
 

Fig. 10. Light transmittance through the CSm G phase retarder when the polarizer  
and analyzer are crossed (a) and when the polarizer and analyzer are aligned in parallel (b) 

  
 

 
 

Fig. 11. The image of the same section of the sky: (a) without polarizers  
and a CSm G-phase retarder, (b) with crossed polarizer and analyzer, (c)  

with a polarizer and analyzer aligned in parallel 

a) b) 

a) b) с) 
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4. Conclusions 

In summary, we prepared and investigated a 
CSm G phase and have shown for the first time that it can 
be used as an optical phase retarder. Mixing two nematic 
liquid crystals, a CSm G phase was obtained, and its tem-
perature-dependent phase transitions were studied. The 
prepared mixture exhibits a wide temperature interval of 
the CSm G phase, which presents a multi-domain, poly-
crystalline structure where each domain acts as a uniaxial 
crystal. Over time the domains merge, and a uniaxial, 
monodomain crystal with 3D symmetry, which is trans-
parent in the visible and near-infrared ranges of the optical 
spectrum, is formed. Due to its high birefringence, the 
CSm G-based phase retarder is much thinner than the 
most commonly used phase retarder, such as the quartz-
based one. In addition, we have shown several examples 
of the possible use of CSm G phase retarders, such as 
spatial-temporal modulation of two collinear laser beams, 
solar spectral radiation division, and aerospace applica-
tions. Moreover, the proposed CSm G phase retarder can 
be used in many directions such as optical chemical 
analysis, medicine, environmental monitoring, astronomy, 
and polarimetry.  
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КРИСТАЛІЧНИЙ СМЕКТИЧНИЙ G-
ФАЗОВИЙ СПОВІЛЬНЮВАЧ ДЛЯ ПРОСТОРОВО-
ЧАСОВОЇ МОДУЛЯЦІЇ ОПТИЧНОЇ ІНФОРМАЦІЇ 

В РЕАЛЬНОМУ ЧАСІ 
 

Анотація. Виготовлено та досліджено новий фазо-
вий сповільнювач на основі рідкісної та маловивченої 
рідкокристалічної фази – кристалічної смектичної G-фази, 
отриманої змішуванням двох сертифікованих нематичних 
сумішей. Фазовий сповільнювач прозорий у видимій і ближній 
інфрачервоній частинах оптичного спектру. Температурна 
стабільність у широкому діапазоні температур, високе 
двозаломлення та висока міцність дають змогу виготовляти 
різні типи сповільнювачів фаз, які можна використовувати в 
оптиці, оптико-хімічному аналізі та поляриметрії. 

 
Ключові слова: кристалічна смектична G-фаза, 

фазовий сповільнювач, оптична інформація. 
 


