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LIQUID CRYSTALS, 1993, VOL. 15, No. 5, 669-687 

Study of molecular orientational states of ferroelectric liquid crystals 
in a surface stabilized geometry 

by N. ITOH*, M. KODEN, S. MIYOSHI and T. WADA 
Central Research Laboratories, SHARP Corporation, 

2613-1 Ichinomoto-cho, Tenri, Nara 632, Japan 

(Received 28 January 1993; accepted 25 April 1993) 

The molecular orientational states of homogeneously aligned, helix unwinding, 
chiral smectic C liquid crystals placed in a thin cell (surface-stabilized ferroelectric 
liquid crystals [SSFLC]) were studied. They were classified by the optical viewing 
conditions and the relationship between the directions of the chevron layer 
structure and the surface pretilt. The molecular orientational models of the states 
were considered and illustrated with regard to the experimental results. The models 
of molecular orientation give us a total understanding of the orientational states 
which appear in SSFLCs with parallel rubbing. Furthermore, the effect of the 
surface pretilt angle on the orientational and optical properties of SSFLCs is 
discussed. 

1. Introduction 
Ferroelectric chiral smectic C liquid crystals have great potential for many 

applications. The homogeneously aligned, helix unwinding state placed in a thin cell 
(surface-stabilized ferroelectric liquid crystals (SSFLC) [ 17) is interesting as a fast 
optical response, memory switching device. We have studied the smectic layer structure 
and the molecular orientation of SSFLCs because they must be responsible for the 
characteristics of SSFLC devices [2-81. 

There are two typical classifications of the molecular orientational states. The 
uniform (U) and twisted (T) states were reported [9, lo]. This classification is based on 
the optical viewing behaviour when placed between crossed polarizers. The uniform 
state shows extinction positions, but the twisted state shows only coloration positions 
without any extinction. Kanbe et al. reported the C1 and C2 states [ll]. This 
classification is based on the relationship between the direction of the chevron layer 
structure and the direction of the surface pretilt. The C1 and C2 states are easily 
distinguished because the tilting direction of the chevron layer structure is confirmed 
by the direction of the zig zag defects [12-141, and the direction of the surface pretilt is 
consistent with the rubbing direction [lS]. Figures 1 (a) and (b) show the C1 and C2 
states related with the zig zag defect. 

Anderson et al. reported on the molecular orientation of a thin layer of a smectic C 
host [16,17], using a triangular director profile (TDP). The propagation of plane 
polarized light through a twisted birefringent layer can be described using the Jones 
matrix [18,19]. Anderson et al. also derived the relationships between the molecular 
orientation and the optical properties theoretically, applying the above description to a 
thin layer of a smectic C phase. 

* Author for correspondence. 
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R u b b i n g  direction 

9 
H a i r p i n  d e f e c t  k L i g h t n i n g  d e f e c t  

c1 c2 (4 
Figure 1. The C1 and C2 states, distinguished by the relationship between the direction of the 

chevron layer structure and the direction of the surface pretilt, as shown in (a) and (b). The 
tilting direction of the chevron layer structure is confirmed by the direction of the zig zag 
defects, as shown in (b). (c) The smectic layer models of the C1 and C2 states. 

We have previously investigated a number of SSFLC sample cells aligned by 
various films with parallel rubbing, and reported that the four states, C l U  (CI- 
uniform), CIT (Cl-twisted), C2U (C2-uniform), and C2T (C2-twisted), appeared in 
SSFLC cells [7,8]. These four states are described by the combination of the above two 
classifications. Especially, aligned SSFLCs with high pretilts exhibited the three states, 
ClU,  CIT and one C2 state with extinction positions [4,5]. We proposed the models of 
these states and simulated the influence of physical parameters on the device properties. 
A preliminary result on the effect of the surface pretilt angle on the optical properties of 
SSFLCs was reported [6 ] .  

In this study, the molecular orientational states of SSFLCs were analysed by using a 
polarizing microspectroscope and optical calculations. The models of molecular 
orientation were constructed, summarizing the orientational states which appear in 
SSFLCs with parallel rubbing. In addition, the effect of the surface pretilt angle on the 
molecular orientation and optical properties of SSFLCs is discussed with regard to  the 
simulation based on the molecular orientational models. 

2. Experimental 
Three ferroelectric liquid crystal (FLC) materials, exhibiting different molecular tilt 

angles, and six polyimide aligning films exhibiting different pretilt angles, were used in 
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this study. The FLC materials were CS-1014 supplied by Chisso Co., Ltd., SF-1212 
blended at our laboratory, and SCE-8 supplied by E. Merck. The aligning films were 
PI-X, PSI-A-2101, PSI-A-X018, PI-Z, PSI-A-2001 and PSI-A-X021 supplied by the 
Chisso Co., Ltd. These aligning films were formed on glass plates with an I T 0  electrode 
and an insulating film by spin coating, and were then baked and rubbed. 

Thin SSFLC cells (about 1.5pm) rubbed in a parallel direction were fabricated 
using silica balls as the spacer, and were filled with the FLC materials. The cells were 
mounted in a Mettler FP 82 hot stage and positioned between the cross nicol prisms of 
an Olympus polarizing microscope. The temperature was controlled to within an 
accuracy of k 0.1"C. The apparent tilt angle Oapp was defined as the half-angle between 
two extinction positions when a square-wave voltage (k 5 V pm- 0.5 Hz) was applied. 
However, such a low frequency electric field changed the alignment of SCE-8 to give the 
texture with the roof-top lines and stripes [20,21]. The apparent tilt angle of SCE-8 was 
measured by applying a square-wave voltage of 1 kHz, thus preventing the texture 
change, and was defined as the half-angle between two positions where the photodiode 
indicated the lowest current level. The apparent tilt angles, at room temperature (25"C), 
of CS-1014, SF-1212 and SCE-8 were approximately 21.0", 9.5" and 22.0", respectively. 
The layer tilt angles were measured using X-ray diffraction 131. The X-ray profiles, at 
room temperature, are shown in figure 2. In figure 2, f l  is the angle between the incident 
X-rays and the smectic layer normal. The layer tilt angles 6, at room temperature, of 
CS-1014, SF-1212 and SCE-8 were 18.0", 9.0" and 19.5", respectively. Because of the 
chevron layer structure, the apparent tilt angle eapp is slightly larger than the tilt angle 8, 
when an electric field is applied, as shown in figure 3. In figure 3, n is the director, p is the 
spontaneous polarization vector and n,, is the projection of n on the boundary X Z  
plane. E is the electric field applied along the cell thickness direction, Yand z represent 
the perpendicular line of the cone. The relationship between the apparent tilt angle eaPP 
and the tilt angle 8, is expressed as 

Bapp= tan-' (tan 8.sec6). (1) 

Using this equation, the tilt angle 8 of CS-1014 was determined to be 20*0", 9.4" for 
SF-1212, and 21.0" for SCE-8. These parameters are summarized in table 1. The 
memory angle 8, was defined as the half-angle between two extinction positions when 
no field was applied. 

Anti-parallel thick cells (about 50 pm) filled with the nematic liquid crystal E-8, 
supplied by Merck Ltd. were fabricated to measure the pretilt angles of the aligning 
films. The pretilt angles were determined by the capacitance-magnetic field curves 
(C-H curves) [22]. The pretilt angles 8, of these aligning films are shown in table 2. As it 
is known that the baking temperature affects the pretilt angle [S], the baking 
temperatures are also shown in table 2. The prepared sample cells in this study are 
shown in table 3. An Orc polarizing microspectroscope TFM-120CFT was used to 
measure the transmitted light of small areas, such as the inside of the zig zag defect. 

3. SSFLC cell with a high pretilt aligning film 
3.1. Observation 

Figure 4 shows the polarized optical micrographs of the sample used with CS-1014 
and the high pretilt aligning film PSI-A-2001 (6, = 15') in the crossed nicol position. 
The C1 and C2 states are identified on each side of the zigzag defects. The layer normal 
is parallel to the polarizer in figure 4(a). Figure 4(b) shows the viewing state when the 
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5 0 . 0  60 .0  7 0 . 0  80 .0  9 0 . 0  100 .0  110 .0  120 .0  130 .0  
DIQ 

(4 

60.0 7 0 . 0  80 .0  90.0 100 .0  110 .0  120.0 
B I 0  

(b) 

60 .0  7 0 . 0  8 0 . 0  90.0 1 0 0 . 0  110 .0  120 .0  
Bl  

(4 
Figure 2. The X-ray profiles of (a) CS-1014, (b) SF-1212, and (c) SCE-8. 

sample is rotated from the position of figure 4(a). Figure 4(c) shows the viewing state 
when the sample is rotated further from the position of figure 4(b). The C2 state of this 
sample shows extinction positions everywhere. This state is called the C2U state. On 
the other hand, the C1 state showing extinction positions (ClU), and the state showing 
only coloration positions with no extinction positions (ClT), are observed. The 
memory angles of the C1U and C2U states are shown schematically in figure 4. The 
memory angle of the C1U state is greater than that of the C2U state [figures 4(b) 
and (c)] .  
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Molecular orientational states of SSFLCs 613 

Figure 3. The coordinate system of the tilted layer structure. Here 0 is the molecular tilt angle 
and eapp is the apparent tilt angle. 

Table 1. Tilt angles and layer tilt angles of FLC materials at 25°C. 

FLC Apparent Layer Tilt 
material tilt angle/" tilt angle/" angle/" 

CS-1014t 21.0 18.0 200 
SF-1212$ 9.5 9.0 9.4 
SCE-85 22.0 19.5 21.0 

t Supplied by Chisso Co., Ltd. 
$ Our blending mixture. 
0 Supplied by Merck Ltd. 

Table 2. Baking temperatures and pretilt angles of aligning films. 

Aligning Baking Pretilt 
film? temperature/"C angle/" 

PI-x 200 3 
PSI-A-2101 200 6 
PSI-A-X018 250 10 
PI-z 250 10 
PSI-A-2001 200 15 
PSI-A-XO21 250 20 

t All aligning films were supplied by Chisso Co., Ltd. 

Table 3. Prepared sample cell. 

FLC material 

Aligning film CS-1014 SF-1212 SCE-8 

PI-x 0 
PSI-A-2101 
PSI-A-X018 
PI-2 0 
PSI-A-2001 
PSI-A-XP21 0 
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direction A 

U 
5 0 0  Prn 

Figure 4. The polarized optical micrographs of the sample used with CS-1014 and the high 
pretilt aligning film PSI-A-2001. See text for explanation. L.N. denotes the layer normal. 
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Figure 5 .  The wavelength dependences of the memory angle of the C1U state (0) and the C2U 

state (A).  

3.2. Optical properties 
The optical properties of the sample used with CS-1014 and PSI-A-2001, were 

measured in detail in order to analyse the molecular orientations. The wavelength 
dependences of the memory angles of the C1U and C2U states are shown in figure 5. 
The C1U and C2U states exhibit the opposite wavelength dispersion with respect to 
each other. The transmission spectra of both memory states, the bright and dark states, 
prepared by applying a pulsed electric field, are shown in figure 6. The transmission 
spectra indicate that a high contrast ratio is obtained not by the C2U state, but by the 
C1U state. The large memory angle contributed to a high contrast ratio in this case. 

4. Modelling of experimental results 
Theoretical calculations are now performed using the experimental results 

mentioned above. 

4.1. Models of molecular orientation 
The smectic layer models of the C1 and C2 states are shown in figure 1 (c). The 

orientational models of the CIU, C1T and C2U states are shown in figure 7. These 
states are assumed to switch between two elastically equivalent states for the stable 
memory effect. The molecules are almost uniformly tilted at one side from the layer 
normal in the CIU and C2U models. The C1T model is the half splayed state [23-251. 
The boundary surfaces in the C2 state do not have wide regions wherein the molecules 
can exist stably, as shown in figure 1 (c). The c-directors at the surfaces are almost 
perpendicular to the substrate in the C2 model with a high pretilt aligning film. 

4.2. Optical simulation 
The transmitted light was calculated using the Berreman 4 x 4 matrix method [26]. 

We assume the Cartesian coordinate systems as shown in figure 8. In figure 8, n is the 
director, c is the c-director and p is the spontaneous polarization vector. It is assumed 
that the tilt angle 0 and the layer tilt angle 6 are constant and the azimuthal angle @ 
depends only on the cell thickness direction l! The director is expressed as follows; 

n(x, y, z) =(sin B cos @, sin B sin @, cos O), (2) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
8
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



676 N. Itoh et al. 
001 I 

- - - - - - - i - - - i ~  j 
4 - 

'400 5 0 0  6 0 0  7 0 0  8 0  0 
Wavelength / nm 

(4 

1 0 0 ~ ~  ......................................................................................................................................... 

.............................................................................................................................................. x , 
c: 
0 
.d 
vl 

............................................................................................................................................... 

............................................................................................................................................. 

............................................................................................................................................. 

............................... 

Wavelength / nm 
(b) 

represent the bright spectra and the bottom curves represent the dark spectra. 
Figure 6. The transmission spectra of the (a) C 1 U and (b) C2U memory states. The upper curves 

C I U  CIT c2u 
Figure 7. The molecular orientational models of SSFLCs, possessing a chevron layer structure, 

with a high pretilt aligning film. 
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Y 
A 

Y 

Y 

Figure 8. The coordinate systems used for the calculations. Y and Z represent the cell thickness 
direction and the smectic layer normal, respectively, and z is the perpendicular line of the 
cone. (a) The chevron layer system. (b) The cone system. (c) The director twist angle $ and 
the director tilt angle y. (d) The scheme of the director at the surface. 

and 

i sin 8 cos @ 

sin8sin@ cos6 -cos8sin6 , 

sin 8 sin @ sin 6 + cos 8 cos 6 

Thus, the twist angle II/ and the tilt angle y of the director are expressed as 

(3) 

(4) 

(5 )  

and are shown in figure Sfc). Here, nxz is the projection of n on the boundary X Z  
plane, as shown previously in figure 3. The dielectric tensor is determined by those two 
angles. The pretilt angle 8, is taken at the surface, as shown in figure 8 (d). Hence, the 
c-director pretilt 

I sin 8 cos @ 
sin 8 sin @ sin 6 + cos 0 cos 6 II/=tan-l 

y =sin- '(sin 8 sin @ cos 6 - cos 8sin 6), 

' 

is expressed by equation (6), 
tan6 sin8, 
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c 

- 

It is assumed that at the bottom surface is 71/2 and QO at the top surface is -71/2 in 
the C2 state with a high pretilt aligning film. The azimuthal angle at the chevron 
interface is expressed as 

@,,=sinp1 (tanG/tanO). (7) 

It should be noted that the sign of 6 is opposite for the C1 and C2 states, and the sign of 
0, is also opposite at the bottom and top surfaces. 

For simplicity, it is assumed that @ changes with Y at a constant rate, ignoring the 
effect of the polarization field on the elastic deformation [27]. The parameters required 
for the calculations were obtained experimentally in Q 2 and are shown in tables 1 and 2. 
Other parameters assumed were the cell thickness d = 1.5 pm, the division number of 
the liquid crystal layer N = 300, and the birefringence An =015. The wavelength 
dispersion of refractive indices [28] was taken into account. In the calculations, it was 
assumed that the liquid crystal layer, which was sandwiched between two glass plates 
(refractive index 1.5), was set between two crossed polarizers. The wavelength 
dependences of the memory angles and the transmission spectra were calculated using 
the parameters of CS-1014 and PSI-A-2001 (O,= 15'). The calculated wavelength 
dependences of the memory angles are shown in figure 9. Both the C1U and C2U 
models exhibit the same dispersion as the experimental results. Figure 10 shows the 
calculated transmission spectra under conditions where the angles between the layer 
normal and polarizer are the same as the memory angles. The C1U and C2U models 
show slight transmission in short wavelength regions of the dark states, and show a 
peak around 500 nm of the bright states. The calculated results are almost consistent 
with the experimental results, indicating the validity of our orientational models. 

5. Effect of pretilt angle on molecular orientations 
The orientational models of figure 7 lead us to expect that two states appear in the 

C2 state with low surface pretilt, because the molecules at the surfaces become easy to 
move compared to the high pretilt case. The models of these C2 states are shown in 
figure 11. It is expected that they are the C2U and C2T states. As we introduced in Q 1, 
Anderson et al. derived the relationships between the molecular orientation and the 
optical properties [16,17]. They did not, however, refer to the effect of the surface 
pretilt angle. 

Wavelength / nm 
Figure 9. The calculated wavelength dependence of the memory angle of the C1 U state (0 )  and 

the C2U state (A). 
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400 500 600 700 
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(bi 
Figure 10. The calculated transmission spectra, of the (a) C1U and (b) C2U states. 

We again experimented in order to prove this hypothesis. The polarized optical 
micrographs of the sample used with CS-1014 and PI-X (0, = 3") in the crossed nicol 
position are shown in figure 12. The C1 and C2 states are identified on each side of the 
zigzag defects. The layer normal is parallel to the polarizer in figure 12 (a). Figure 12 (b) 
shows the viewing state when the sample is rotated from the position of figure 12 (a). 
Both the C1 and C2 states show extinction positions. Figure 12 (c) shows another area 
of the sample. Both the C l  and C2 states show only coloration positions without any 
extinction positions. The C2 state in figure 12 (c) is called the C2T state. From figures 4 
and 12, it is found that the four states, ClU, ClT,  C2U and C2T can appear in SSFLCs 
with parallel rubbing, and that SSFLCs with high pretilt aligning films show only one 
state with extinction positions in the C2 state. This type of C2 state is defined as a 
special case of the C2U state, called the high pretilt C2U state and is shown in figure 11.  
The C1U and C2U states are interesting from the practical point of view because they 
show extinction positions. 
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C I U  CIT 

- 
c 2 u  C 2 T  C2U (h igh -  pretilt) 

Figure 11. The molecular orientational models of SSFLCs with a chevron layer structure. 

5.1. Surface pretilt dependence of memory angle 
The memory angle of the C lU state is greater than that of the C2U state in the high 

pretilt sample (figures 4(b) and (c)). However, the difference between the memory angles 
of the C1U and C2U states is very small in the low pretilt sample (figure 12(b)). It is 
expected that the memory angle depends on the surface pretilt angle from figures 4 and 
12. 

The temperature dependences of the memory angles of the C1U and C2U states, for 
all samples, are shown in figure 13. The solid lines in figure 13 represent the apparent tilt 
angle behaviour. There is little difference in the apparent tilt angles among the samples, 
indicating the reliability of the data. The memory angles of the C2U state of SSFLC 
cells prepared using SF-1212, and aligning films except PI-X and PSI-A-2101, could 
not be measured because the cells showed only the C1 state with slight zigzag defects. 
According to Kanbe et al. [l 11, it is difficult for the C2 state in SSFLC cells to appear if 
the tilt angle is small o r  the surface pretilt angle is large. 

The memory angle of the C2U state was airnost independent on the pretilt angle. 
The memory angle of the C1U state in the cases of CS-1014 and SCE-8 strongly 
depended on the aligning films. On the other hand, the memory angles of the C1U state 
of SF-1212 were scarcely dependent on the aligning films. 

The dependences of the memory angles on the surface pretilt angle were simulated 
using the models in figures 7 and 1 I, and are shown in figure 14 with the experimental 
results at room temperature. In every case, the calculated memory angle is the value for 
wide visible wavelengths. For every material, good agreement between the simulated 
and the experimental results was confirmed. 
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A 

L . N . :  L a y e r  Normal 

68 1 

500,um 
Figure 12. The polarized optical micrographs of the sample used with CS-1014 and the low 

pretilt aligning film PI-X. See text for explanation of figures. 
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Temperature / "c 
(4 

a, 
4 m 
c 
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a E  a a, 
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0 1 0 

Temperature / "C 
(4 
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Temperature / "C 

(4 
Figure 13. The temperature dependence of the apparent tilt angle (4, +, x,  v ,  *, *), the 

memoryangleoftheClUstate(., 0, A ,  +, V, H)andtheC2Ustate(0, 0, A, 0, '7, 
0) with various aligning films (PI-X (4,e ,O), PSI-A-2101 (+, 0, 0), PSI-A-X018 
( x ,  A,  A), PI-2 (V, +, 0), PSI-A-2001 (k, V, V) and PSI-A-X021 (*, H, 0)) for 
(a) CS-1014, (b) SF-1212 and (c) SCE-8. The lines are the apparent tilt angle behaviour. 
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\ z o  
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Surface P r e t i l t  Angle B p / '  
(a)  

0 0  2r 
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(4 

Figure 14. The relationships between the surface pretilt angle and the memory angle of the C1U 
state(O),andoftheC2Ustate(n)for(a)CS-1014,(b)SF-l212and(c) SCE-8.Thelinesare 
the simulated results. 
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Y Y 

.. 
-d 

(a) (4 
Figure 15. The calculated director profiles and the memory angles for various surface pretilt 

angles for the (a) C1U and (b) C2U states. The memory angles are denoted by encircled 
numerals. In (a), 1: O,(O,=Oo) ,  2: 0,(0,=5~Oo), 3: O,(O,= lOV), 4: O,(O,= 15.00) and 5: 
Om(0,>,20.0"). In (b), I :  O,(O,=O"), 2: Bm(B,=0.50), 3: O,(O,= l,Oo), 4 Om(@,= 1.5") and 5: 
e,(e, 2 2.00). 

5.2. Analysis using models 
The optical properties mentioned above are now discussed using our models. 

Whole calculations were performed for CS-1014. In figure 15, the director twist angle $ 
is shown as a function of the cell thickness direction Y for various surface pretilt angles 
in our models, where $IN represents $ at the chevron interface and is expressed as 

+IN = cos - 1 (COS e/cos 6). (8) 
The memory angles of each case are indicated simultaneously in figure 15. In figure 16, 
the calculated transmission spectrum for each case is shown. These figures indicate that 
the memory angle and the transmission of the bright state depend on the surface pretilt 
angle. It is found that the memory angle 8, is determined by the following equation, 

em = ($0 + $IN)/2, (9) 
where t j 0  is $ at the surface. The memory angle of the C1U state becomes large by 
increasing the surface pretilt angle and will be saturated at values of 8,,,, expressed as in 
equation (lo), 

(10) 

On the other hand, the memory angle of the C2U state becomes large by decreasing the 
surface pretilt angle. The results in figure 14 are well explained by our orientational 
models. However, the memory angle of the C2U state seems to be virtually constant 
because its surface pretilt dependence is very slight. 

8msat + ($IN + oappY2.  

6. Summary 
The orientational states which appear in SSFLC cells with parallel rubbing are 

summarized in figure 17, expressed by the c-director orientations and the director 
profiles. The technique of preparing a suitable state is very important not only for 
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U. u 
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HAVELENCTH n m 
(b) 

Figure 16. The calculated transmission spectra for various surface pretilt angles of the (a) C1U 
and (b) C2U states. 
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Low pretilt High pretilt 
Uniform I Twisted Uniform I Twisted 

I I I 

Uniform Twisted I 

T 
Figure 17. A summary of the orientational states in the SSFLCs with the chevron layer 

s truct we. 

practical applications, but also to enable reliable experiments. The stability and the 
optical properties of these states are strongly affected by the surface pretilt angle. An 
understanding of the effect of the surface pretilt angle is given by our molecular 
orientational models. However, it is found that differences between the theoretical and 
experimental results are remarkable in low pretilt regions of figure 3 4. The behaviour of 
FLC molecules near the surface, including the pretilt, is more complicated than for 
nematics. Research to elucidate this problem is needed and is now in progress. 

The authors thank Prof. T. Akahane of Nagaoka University of Technology, and Mr 
A. Tagawa, Mr H. Katsuse and Mr M. Kido of Sharp Corp. for helpful discussions and 
suggestions. 
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