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The dynamic structure and molecular reorientation of a ferroelectric liquid crystal induced by 
an alternating electric field have been investigated by time-resolved optical waveguide spectro- 
scopy (TROWS) in which the transient waveguide mode patterns were recorded as a function 
of both time and angle of incidence of a probe beam. A ferroelectric liquid crystal, 4-(2S, 3S)-[2- 
chloro-3-methylpentanoyloxy]-4-octyloxybiphenyl(3M2CPOOB) was utilized, which showed 
a fast response to an externaI electric field in the order of a microsecond. Under a high electric 
field, it forms the so-called bookshelf structure in which the director of 3M2CPOOB is tilted 
by 22.5" away from the smectic layer normal in the SmC* phase. Time-resolved waveguide 
mode patterns were successfully obtained with a time-resolution of 1.0 ps which enabled us to 
determine the transient features of dielectric tensor of 3M2CPOOB molecules in three dimen- 
sional coordinate system. A model that the molecular reorientation coupled with the layer 
buckling and the rotation around the cone was proposed from the quantitative analysis of the 
TROWS data. 

Keywords: Ferroelectric liquid crystal; guided optical wave; TROWS 
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2 M. MlTSUlSHl et ( I / .  

1. INTRODUCTION 

The electro-optic effect in ferroelectric liquid crystals (FLCs) has received 
significant attention because of its potential for fast switching and bistabil- 
i ty as first reported by Clark and Lagerwall [l]. Various kinds of tech- 
niques, r.g., the polarised optical transmission technique [2-41, X-ray 
diffractidn analysis [ S ,  61, etc.. have been used in order to investigate these 
unique properties of FLC. The specific layer structure has been revealed by 
complementary works based on these experimental data and theoretical 
models [6]. These findings have been reviewed in some textbooks [7]. 

As a probe for the layer structure in more detail, guided optical waves 
have proved to be a powerful tool for detecting the optical properties in the 
dielectric medium [8- lo]. The guided optical modes [ll] in which the light 
propagates through the dielectric medium are very sensitive to tiny changes 
in the dielectric tensor and the thickness of the whole layer. They can be 
excited both with TE and TM light, i.e.. s- and p-polarized light, respective- 
ly. Elston and Sambles er uI. [12-161 have extensively investigated the 
molecular orientation in the liquid crystal (LC) layer using the technique 
based on guided optical waves. Comparing the angle-dependent experimen- 
tal reflectivity and a theoretical curve calculated for the model as stacked 
layers by the scattering matrix method [ 171, they found some characteristic 
layer structures of the FLC in the SmC* phase, e.g., a half-splayed structure 
1121 and a chevron structure [13]. Ito rr 01. [18] showed another advantage 
of guided optical waves as a probing technique for the switching process of 
the FLC layer using modulated reflectivities with single and double frequen- 
cies with respect to the applied electric field frequency. It is difficult for the 
transmission technique to characterize the dielectric tensor profile as fully 
as the guided optical wave technique [13]. 

For the last decade, the real-time observation of the switching process of 
the FLC molecules has been reported using not only time-resolved trans- 
mission measurements [ 19-22], but also time-resolved FT-IR spectroscopy 
123,241. The former technique gives us information about the kinetics of the 
FLC as a director rotation around the cone. For example, Fukuda et al., 
elucidated the reorientation mechanism of the FLC from the stroboscopic 
observation [20,25]. There are two kinds of mechanism; one is a fast re- 
sponse, with a simultaneous uniform reorientation throughout the whole 
FLC layer, while the other is a slow response that includes the nucleation of 
domains caused by the discontinuity of the director, i.e., two surface and 
one internal disclination. On the other hand, the latter technique is able to 
provide information about the transient orientation of the IR active units in 
the FLC molecules at the sub-molecular level. To  our knowledge, the im- 
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REORIENTATION OF FLC STUDlED BY TROWS 3 

portant aspect of the reorientation in the SmC* phase obtained from time- 
resolved FT-TR spectroscopy is that the FLC molecules reorient “as a rigid 
core” during the reorientation, i.e., both the rigid and flexible groups re- 
orient simultaneously. Besides, the hindered rotation of the carbonyl group, 
which is responsible for the ferroelectricity, was observed under an electric 
field using infrared dichroism (not time-resolving) [26,27]. As another 
method, time-resolved Raman spectroscopy [28] has been used to study the 
response of nematic liquid crystals, but not the one of FLC. 

Time-resolving is also one of the fascinating possibilities of guided optical 
waves; high time-resolution in the order of a nanosecond can be expected 
involving high accuracy for the determination of the optical thickness and 
dielectric constants of the LC layer. From this point of view, we developed a 
novel technique, time-resolved optical waveguide spectroscopy (TROWS), 
which provides reflectivities as a function of both the angle of the incidence 
and the time after applying an electric field [29]. We have demonstrated the 
usefulness of TROWS in a previous investigation on the dynamics of a 
nematic liquid crystal [30]. 

In this article, we report the dynamics of FLC molecules in the course of 
switching between the bistable states under an alternating external electric 
field. Using TROWS, one is able to observe the real-time switching process 
of the FLC molecules with a 1.0 ps time-resolution through the recording of 
the transient waveguide mode patterns. The quantitative analysis of the 
experimental data was performed using some simplifying approximations, 
whereby the dynamic structures and reorientation kinetics of the FLC mole- 
cules under the alternating electric fields have been discussed in detail. 

2. EXPERIMENTAL 

A ferroelectric liquid crystal 4-(2S, 3S)-[Zchloro-3-methylpentanoyloxy]-4’- 
octyloxybiphenyl(3M2CPOOB) was used in the current study, the molecu- 
lar structure of which is as follows: 

0 ,  * 
C H ~ - ( C H ~ ) ~ - O W O - C - C H - C H - C Z H S  1 

CI CHB 
STRUCTURE 1 

The synthesis of this material has been reported elsewhere [31,32]. 
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4 M. MITSUISHI er ul 

The 3M2CPOOB molecule has two chiral groups which may be respon- 
sible for its large spontaneous polarization [31] and its fast response to an 
external electric perturbation [33]. On cooling the temperature from the 
isotropic phase, the simple sequence of phase transition temperatures was 
observed using a polarized microscope: 

Figure 1 illustrates the optical cell for the measurement of waveguide 
mode patterns. The details of the optical cell fabrication and the measure- 
ment procedure have been published elsewhere [3 11. Two glass substrates 
(BK-7) were coated with a thin layer of gold ( - 40 nm) in a vacuum cham- 
ber ( - 2.0 x torr). On the gold layers were coated the layers of poly- 
imide (PI, AL1524H, Japan Synthetic Rubber Co.) with a spinner, which 

laser 

I BK-7 I 
FIGURE 1 
Table 1. Two substrates face each other so that the rubbing direction is the parallel type. 

Schematic illustration of the sample cell. The thickness of each layer is listed in 
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REORIENTATION OF FLC STUDIED BY TROWS 5 

were then rubbed in order to obtain planar (homogeneous) alignment of the 
liquid crystal. These alignment layers were prepared to have a thickness of 
the order of 100nm to prevent the gold layers from frictional damages 
caused by the rubbing procedure. The thickness of the gold layer was 
determined by surface plasmon measurement and that of the PI layer by 
optical waveguide measurement, the details of which have been reported in 
a previous paper [34]. The liquid crystal was sandwiched between the two 
glass substrates thus obtained. The cell and a right-angle prism (BK-7) were 
coupled by matching oil. This sample cell was mounted on a 8-28 
goniometer (KSA-120T8, -02,  Sigma koki) to measure the reflected inten- 
sity at an angle of incidence lex; the rotation of the goniometer provides 
angle-dependent reflectivities, i.e., the waveguide mode pattern. The tem- 
perature of the cell was controlled by a thermostat (EC5500B, Ohkura) 
within & 0.1"C. The optical waveguide measurement of the sample cell was 
performed by using s- and p-polarized light of a He-Ne laser (632.8 nm) in 
order to determine the dielectric tensor diagonals of the 3M2CPOOB mole- 
cules in each phase. 

TROWS was conducted in the SmC* phase. An alternating rectangular 
electric field (typically 1 kHz frequency) was applied to the cell to induce the 
molecular swing of the 3M2CPOOB molecules. The time-resolving of the 
reflectivities from the optical cell at  an incident angle l,. was performed by 
using a transient memory (MR-lOE, Kawasaki Electronica) with a 1.0 ps 
time resolution. Acquisition of the data was repeated ten times at each angle 
of incidence; 2 hr was needed for scanning the incident angle 6, from 30" to 
60" with a 0.1" angle increment. 

3. RESULTS AND DISCUSSION 

3.1. Optical Characterization of the Sample Cell 

The refractive index and the thickness of each layer in the cell were precisely 
determined as listed in Table I. We assumed that the PI layer was optically 
isotropic and that the thickness of the top PI layer was the same as the 
bottom one. The refractive index of 3M2CPOOB and its thickness at the 
isotropic phase T= 68°C were also determined using those parameters 
given in Table I. 

The sample geometry in that SmA phase is defined as shown in Figure 2. 
The rubbing direction is taken to be the X axis. In the SmA phase, 
3M2CPOOB takes a bookshelf structure in which the molecules tend to 
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6 M. MITSUISHI et a / .  

TABLE I 
at T= 68 C 

Fitting parameters for the optical cell in the isotropic phase 

Aul top PI Au(bot tom) 3MZCPOOB 

~ 12.092 2.560 - 12.511 2.328 E,al 

1.438 0.000 1.305 0.000 
d"(nm) 30.5 106.9 43.5 4760 

b i  

"The real part of the optical dielectric constant. 
hThe imaginary part of the optical dielectric constant 
'The thickness of the layer in the optical cell. 

He-Ne Laser 
632.8 nm 

P 

4 

Z 

1 
X rubbing 

direction 

FIGURE 2 Coordinate system for 3M2CPOOB in the SmA phase used in the current study. 
The rubbing direction coincides with the X axis. The bold line depicts the averaged molecular 
direction, i.e., director, which is parallel to the rubbing direction. 

align parallel to the substrate and the rubbing direction, i.e., the X axis. 
Angle b denotes the angle between the X axis and the projection of the 
incident light on the X Y  plane. The dielectric tensor of 3M2CPOOB is 
assumed to have only diagonal elements: E ~ ~ ,  parallel to the molecular long 
axis, and E,,). and E ~ ~ ,  perpendicular to that. Figure 3 shows the waveguide 
mode patterns for (a) s light and (b) p light at P=9V and T=6O0C 
(SmA phase). To characterize the dielectric tensor diagonals of 3M2CPOOB 
in the SmA phase, the measurement was performed from two directions of 
the incident light: at B = 90" perpendicular to the rubbing direction, and at 
p = 0" parallel to that (not shown here). In Figure 3, the s light radiation has 
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REORIENTATION OF FLC STUDIED BY TROWS 

3 

0.0'- 
30 35 40 45 50 55 

30 35 40 4S 50 55 C 

FIGURE 3 Waveguide mode patterns in the SmA phase at T= 60°C for (a) s light and (b) p 
light. The 3M2CPOOB molecules align parallel to the substrate, which means that they are 
arranged in the bookshelf structure. The direction of the incident light is perpendicular to  the 
rubbing direction: p = 90". 

its E-field along the X axis, while the p light radiation has its E-field in the 
YZ plane; in both cases the dielectric tensor was orthogonalized on the 
plane of propagation. A series of steep dips on the reflectivity curves indi- 
cates the optical coupling of the incident beam with guided waves in the 
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8 M. MITSUlSHl rt a / .  

3M2CPOOB medium, which sensitively depends on the layer thickness and 
the dielectric ellipsoid of 3M2CPOOB. The dielectric tensor diagonals and 
the thickness of the 3M2CPOOB molecules in the SmA phase at 60°C were 
determined from a comparison between the experimental data and the theo- 
retical curve based on the Fresnel theory as shown with solid lines in 
Figure 3: ( E ~ ~ ,  E,,., L=) = (2.581, 2.232, 2.232) and a thickness of 4.729 pm. 
The imaginary part of all components of the dielectric tensor diagonals 
could be neglected: E" = 0. These values are in good agreement with those 
reported previously [33]. 

3.2. Optical Characterization in the SmC* Phase 

In the SmC* phase, the 3M2CPOOB molecules are tilted away from the 
smetic layer normal (the X axis). In general, without the electric field, the 
director of FLC molecules tends to gradually rotate layer by layer around 
the X axis. Consequently it shows a helical pitch toward the smectic layer 
normal. Additionally the layer structure is arranged from the bookshelf to 
the chevron structure in order to compensate the change of the density 
caused by the decrease of the thickness between adjacent smectic layers [7]. 
When a sufficiently large electric field is applied to the FLC cell, however, 
the helix is unwound, and then the layer structure could be deformed from 
the chevron to the bookshelf structure [6 ] .  The advantage of applying the 
high electric field lies in the higher contravt with respect to a light beam and 
in the easier tractability, in particular, for the analysis of the director profile 
in the FLC layer. We applied a sufficiently large voltage k20 .0V to the 
3M2CPOOB cell in order that the layer structure in the cell could turn into 
the bookshelf structure, and confirmed the uniform orientation under the 
high electric field by observation with a polarized microscope 1351. Figure 4 
shows the waveguide mode patterns for p light observed at T= 52°C and 
f i  = 90", that is, perpendicular to the smectic layer normal; the applied volt- 
ages were (a) - 20.0 V and (b) + 20.0 V. In this case, there exist off-diagonal 
components in the dielectric tensor of the FLC layer in the laboratory 
coordinates due to the twist of the 3M2CPOOB director from the rubbing 
direction. These off-diagonal components give rise to the coupling between 
the p -  and s-polarized fields in the cell and the modes no longer have pure 
polarization, but merged with each other yielding additional dips as shown 
in Figures 4(a) and 4(b). 

Normally, the spontaneous polarization of the FLC molecules, P, 
which characterizes the ferroelectricity of the medium, is defined with 
Eq. (1): 
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REORIENTATION OF FLC STUDIED BY TROWS 9 

1 .o 1 .o 
2. .- 2. -- > .- > 

4- 
.- 
+a 

8 0.5 8 0.5 
2 2 

0.0 0.0 
30 40 50 60 30 40 50 60 

v -- I 7Y I 
0.5" 0.5" 

FIGURE 4 Waveguide mode patterns for p light in the SmC* phase at T= 52°C measured at 
p = 90". Applied voltages were (a) - 20 V and (b) + 20 V. As listed in Table 11, the thickness of the 
3M2CPOOB layer was evaluated as 4.700 pn. This means that the amplitudes of the applied 
electric field were &- 4.26 x lo4 V/cm, which seems to be a sufficiently large electric field to change 
the layer structure from the chevron to the bookshelf structure. 

where P is the magnitude of spontaneous polarization, 1 the smectic layer 
normal, and B the director of the FLC molecules. 3M2CPOOB is well 
known to have negative spontaneous polarization as reported previously [36]. 
With this fact in mind, the fitting curves (solid lines in Figs. 4(a) and 4(b)) 
were calculated, based on the assumption that the director lies in the X Y  
plane through the cell, i.e., the 3M2CPOOB molecules align uniformly with 
the bookshelf structure. The fit is in good agreement with the experimental 
data. The X axis must be a symmetrical axis of the molecular orientation 
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10 M. MITSUISHI er a/. 

under the influence of an applied electric field of & 20V, resulting in the 
similarity in the shape of the waveguide mode patterns in Figures4(a) 
and 4(b). Actually. we tried to adjust the probe beam direction perpendicu- 
lar to the X axis, i.e., /? = 90", but the real position was slightly apart from 
p=90  ; the error of 0.5' seems to be the limit on the setting of the cell. 
Anyway, the successful fit in Figures 4(a) and 4(b) indicates that the layer 
structure under high electric fields could be presented by the bookshelf 
structure model shown in Figures 4(c) and 4(d), respectively. In other words, 
the layer structure at the high electric field is well described by a simplified 
uniaxial oriented slab aligned parallel to the substrate plane. Each compo- 
nent of the dielectric tensor diagonals of 3M2CPOOB was summarized in 
Table 11; the 3M2CPOOB molecules were tilted by _+ 22.5" away from the 
smectic layer normal with the bookshelf structure under the influence of the 
high voltage +2O.OV, which was consistent with the result by polarized 
microscopy: 23-. The thickness of the whole FLC layer was also evaluated 
as 4.700 pm, which means that the amplitudes of the electric field applied to 
the 3M2CPOOB cell were & 4.26 x lo4 V'cm. 

3.3. Switching Process of the 3M2CPOOB Molecules Following 

3.3.1. Time-Resolved Waveguide Mode Patterns for p Light 

the Application of a Voltage Step 

Observed at f l=  0" 

The problem we try to solve is how the 3M2CPOOB molecules turn their 
orientation between the bistable bookshelf structures shown in Figures 4(c) 
and 4(d) at the moment of inversion of the applied voltage. Figure 5 shows 
the time-resolved waveguide mode patterns obtained by TROWS. The geo- 
metry for the measurement is the same as that in Figure 4. The times given 
on each graph in Figure 5 denote those after switching the polarity of the 
electric field from - 20.0 V to + 20.0 V. For a clear view, rhe data of R(t) 

TABLE11 Optical characterization in the SmC* phase at 
T= 52'C. The thickness of the 3M2CP00B layer was evalu- 
ated as 4.700pm. This means that the amplitudes of the applied 
electric field were 4.26 x 10' V!cm 

c,, EVY hr ;  4 a 
( d e g )  (deg i  

- 20 V 2.628 2.228 2.228 0 22.5 
+20 V 2.628 2.228 2.228 180 22.5 
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REORIENTATION OF FLC STUDIED BY TROWS 11 

0.0 

0.0 a 
1.0 I I 

0.0; 
1.0 I I 

0 . O j i I  
1 .o-l I 

0.0 
30 35 40 45 50 55 60 

0.0 ps 

8.5 ps 

16.5 ps 

24.5 ps 

32.5 ps 

FIGURE5 Time-resolved waveguide mode patterns for p light in the SmC* phase at 
T= 52°C. An alternating electric field, 40 V,, and 1 kHz frequency, was applied to the cell to 
induce the molecular reorientation between the bistable bookshelf structures. The times on 
each graph denote those after the polarity of the electric field changes from minus to plus. 

every ca.8.0 ps were shown in Figure5 These waveguide mode patterns 
plainly show the shift of the angular position for each optical mode with the 
elapse of time. As mentioned earlier, the director of the 3M2CPOOB mole- 
cules is tilted away from the X axis in the XYplane, therefore the birefrin- 
gence effect must be taken into account. The odd peaks from the left side in 
all graphs are p light-like modes, while the even peaks are s light-like modes 
originated from the strong p-s coupling in the 3M2CPOOB layer. Focusing 
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12 M. MITSUISHI et a/. 

on the two dips at the smaller angles in Figure 5, it is clear that the reflecti- 
vity at the position of the p light-like mode (left dip) initially increases 
within around 15 ps and then decreases as the 3M2CPOOB molecules get 
close to the other orientation: on the other hand, the situation for the s 
light-like mode (right dip) was opposed to that of the p light-like mode. In 
other words, the molecular motion of the 3M2CPOOB molecules was trans- 
figured into a change in the shape of the waveguide mode pattern. And this 
also indicates that the time-resolved waveguide mode patterns have the 
potential of probing the dynamics of transition through TROWS with micro- 
second time resolution. 

3.3.2. Angle Definition and Some Assumptions to Describe 
the Reorientation of the 3M2CPOOB Molecules 

Now our purpose is to analyze each transient waveguide mode pattern 
using some reorientation models and to make clear the kinetics of the 
reorientation of 3M2CPOOB molecules. 

It is necessary to define three angles which describe the orientation of the 
director of 3M2CPOOB molecules in the SmC* phase with respect to the 
laboratory coordinate system as shown in Figure 6. Three angles (6, 4, +) 

FIGURE 6 Angle definition of the director in order to describe the molecular reorientation. 
Three angels. 0, 4 and @ are given in the figure; 0, the angle between the director and the cone 
axis. 4, the azimuthal angle of the director on the cone, and $. the angle of the cone axis away 
from the X axis in the X Z  plane. 
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REORIENTATION OF FLC STUDIED BY TROWS 13 

denote the cone angle 8, the azimuthal angle 4, and the layer tilt angle $. 
The azimuthal angle 4 increases from 0" to 180" around the smectic cone. 
The layer tilt angle $ is given by the angle between the X axis and the cone 
axis in the X Z  plane; the larger $ the greater deformation from the bookshelf 
structure to the chevron one. 

To figure out the experimental data, we made some assumptions as fol- 
lows: 

1. The 3M2CPOOB cell was divided into two parts, half and half to the 
direction of the film thickness. The calculation of the angle-dependent 
reflectivity was performed for this two-layer structure, where the top and 
bottom halves have their own rotational parameters. The treatment al- 
lows for the possibility of the chevron structure formation during the 
molecular reorientation. 

2. The 3M2CPOOB molecules reorient simultaneously in each layer, i.e., 
both the azimuthal angle 4 and the layer tilt angle $ at a given time are 
constant throughout each layer during the reorientation. 

3. The sum of the components of the dielectric tensor diagonals is kept 
constant and the dielectric tensor of the 3M2CPOOB molecules is re- 
garded as a uniaxial dielectric ellipsoid model during the reorientation. 

Numerical calculation of the angle-dependent reflectivity based on these 
assumptions was executed using the modified Berreman's 4 x 4 matrix [37] 
method, the procedure of which has been reported previously [lS]. 

3.3.3. Rotational Direction of the 3M2CPOOB Molecules 

First we tried to find a suitable model for the route through which the 
3M2CPOOB molecules move. Figures 7(a) and 7(b) show the rotational 
motion of the director induced by the voltage step; the arrows point in the 
same direction in Figure 7(a), i.e., the 3M2CPOOB molecules reorient 
cooperatively throughout the cell, while in Figure 7(b), they reorient in 
opposite between the top and the bottom halves of the cell. In this case, the 
directions in both the two layers in Figure 7(b) point to the middle of the 
cell. Cross points in Figures 7(c) and 7(d) represent the experimental data at  
t = 25.5 ps after the electric field reversal from - 20.0 V to + 20.0 V. The 
solid lines in Figures 7(c) and 7(d) are the fit calculated with the models in 
Figures 7(a) and 7(b), respectively. Noticeable differences are observed be- 
tween Figures 7(c) and 7(d), in particular, in the smaller angles of incidence. 
There are two more plausible routes [38] for the rotational motions (not 
shown here), but only the one drawn in Figure 7(b) gave the acceptable fit. 
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1.0 , 1.0 , 1 

3 x 
> .I .- 
+ .4 

.- > 
+a + 

$ 0.5 g 0.5 

3 2 
0 .o 0.0 

30 40 50 60 30 40 50 60 

T e x  (deg) T e x  (deg) 

FIGURE 7 Two possible rotational models: (a) the 3MZCPOOB molecules rotate with the 
same direction around the smectic cone through the 3MZCPOOB layer, (b) they undergo counter 
rotations between the top and the bottom halves of the layer; (c) and (d) fitting results for the 
transient waveguide mode pattern at r = 25.5 ps. These fittings were carried out using the model as 
shown in (a) and (b), respectively. 

If the layer holds the bookshelf structure during the switching motion, no 
difference among these rotational models would be observed in the fitting. 
The layer tilt angle $ has a remarkable effect on the resonance angles of the 
optical waveguide modes, even if the amount $ is only 1" in the top and 
- 1' in the bottom layers. That is why the differences in these rotational 
models could be distinguished. The opposite sign between the top and 
bottom layers means that the smectic layer bends at the middle of the cell 
like the chevron during the reorientation. The counter rotation might result 
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REORIENTATION OF FLC STUDIED BY TROWS 15 

from the influence of the surface of the alignment polymers [39]. Sambles 
et al., proposed another requirement for the counter rotation: the optic 
tensor profile must retain the continuity at the chevron cusp [13]. Moreover, 
considering the electrostatic interaction between the spontaneous polarization 
and the opposite electric field under the chevron structure, the counter 
rotation is preferred from the view of energy minimization [4]. These 
speculations could be proved by the measurement of TROWS. The most 
outstanding result is the finding that the progress of the switching motion 
could be observed with the microsecond range resolution, indicating again 
that TROWS is capable of probing the dynamics of the directors and the 
transient layer structure of the FLC. 

3.3.4. The Dependence of AR(t) on the Layer Tilt Angle r// 

To investigate the kinetics of the switching process in more detail, let us 
introduce the change of reflectivity, AR(t) as defined by Eq. (2): 

AR(t) = R(t) - R(O), (2) 

where R(0) is the reflectivity just before switching of the E-field. Figure 8 
shows the layer tilt dependence of AR(t) at t = 15.5 ps after the electric field 
reversal at t = 0.0 ps. The experimental plots (+) are the same in all graphs, 
but the theoretical curves AR(t) shown with solid lines were calculated by 
changing the layer tilt angle $. We used the optical parameters listed in 
Table I1 for the calculation of R(O), and the dielectric tensor diagorials at 
15.5 ps were fixed through all graphs in Figure 8 as described in the figure 
caption. The time 15.5 ps corresponds to the halfway point of the switching 
process. Figure 8(a) is the result for the case of $ = 0", in which the smectic 
layer does not tilt from the surface normal, i.e., holding the bookshelf 
structure during the switching process. Obviously, this is not the case, This 
result signifies that the 3M2CPOOB molecules move around the cone, but 
that the cone itself is not constrained to the bookshelf structure. Figures 8(b), 
8(c) and 8(d) show the dependence of AR(t) on the layer tilt angle 
$:$ =(b) 4.0" (c) 7.5", and (d) 12.0", respectively; the layer is tilted away 
from the substrate normal by a positive angle in the top layer, while by a 
negative angle in the bottom layer. As observed at the lower part of AR(t), 
there are clear discrepancies in the position of the modes between the 
theoretical curve and the experimental data shown in Figures 8(b) and 8(d) 
as well as in Figure 8(a). The theoretical curve in Figure 8(c) is in good agree- 
ment with the experimental data. In other words, when the 3M2CPOOB 
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1 .o 1 .o 
0.5 0.5 

h h i$ 0.0 % 0.0 

-0.5 -0.5 
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-1.0 

30 40 50 60 

r ,x  (deg) <ex (deg) 

1 .o 1 .o 
0.5 0.5 

h k h 

5 O.O 
i$ 0.0 

-0.5 -0.5 

-1.0 -1.0 
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5ex  (deg) <ex (deg) 

FIGURE 8 The layer tilt angle dependence of the reflectivity change A R ( t ) :  t = 15.5 p. The 
dielectric tensor diagonals at t = 15.5 p were fixed: (tXx, E ~ ~ ,  E- - )  = (2.603 + 0.007 i, 2.241 + 0.007 i ,  
2.241 + 0.007 i) .  The layer tilt angle JI was changed from (a)O.O’ to (d) 12.0”. The magnitude of 
the tilt angle is the same in the top and bottom layers, but the sign is opposite. which indicates 
the existence of a chevron-like structure during the reorientation. 

molecules reorient from one direction to the other around the cone, overall 
smectic layer buckling takes place during switching: $ = 7.5” at 15.5 ps. This 
finding implies that the reorientation of the 3M2CPOOB molecules induced 
by the high electric field reversal is caused by the coupling of the layer 
deformation and the rotational motion around the cone. The buckling 
phenomenon was successfully detected with the change of reflectivity coup- 
led with the guided waves, showing the high sensitivity for the molecular 
dynamics in the FLC layer. 

3.3.5. The Effect of the Dielectric Tensor on AR(t) 

Figure9 represents the effect of the dielectric tensor diagonals of the 
3M2CPOOB molecules on AR(t) at t = 15.5 p. The experimental data all in 
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REORIENTATION OF FLC STUDIED BY TROWS 17 

(a) (2.628,2.228,2.228) (b) (2.620, 2.232, 2.232) 
1 .o 1 .O 

0.5 0.5 
e h u g 0.0 5 0.0 

-0.5 -0.5 

-1  .o -1.0 
30 40 50 60 30 40 50 60 

r, (deg) T e x  (deg) 

(c) (2.603, 2.241, 2.241) (d) (2.590,2.247, 2.247) 
1 .O I .o 
0.5 0.5 

5=' h c1 5 0.0 5 0.0 

-0.5 -0.5 

-1.0 -1.0 
30 40 50 60 30 40 50 60 

r e ,  (deg) T e x  (deg) 

FIGURE 9 The dependence of A R ( t )  on the dielectric tensor diagonals. The layer tilt angle I) 
was fixed at li/ = 7.5". The magnitudes of the diagonals were changed as follows: (E,,, cpF, cz,) = 
(a)(2.628,2.228,2.228),(b)(2.620,2.232,2.232),(~)(2.603,2.241,2.241)and(d)(2.590,2.247,2.247). The 
best fit is Figure9(c). The magnitude of the components in Figure9(a) is the same as 
that of the initial state at f =O.Ops. The theoretical curve in Figure 9(c) is the same as that in 
Figure 8 (c). 

Figure 9 are the same as those in Figure 8. We changed the real part of the 
dielectric tensor diagonals keeping the sum of components constant, where- 
as the imaginary part of the dielectric constants was set at 0.007: ( E , ~ ,  E ~ ~ ,  

E ~ ~ )  = (a) (2.628, 2.228, 2.228), (b) (2.620, 2.232, 2.232), (c) (2.603, 2.241, 2.241), 
and (d) (2.590, 2.247, 2.247). The layer tilt angle I) was fixed at 7.5". As the 
dielectric tensor changes, the theoretical curve AR(t) also alters its shape, 
giving distinct differences in the intensity, in particular at the peaks between 
the theoretical curves and the experimental data, except for Figure 9(c). The 
diagonals used in Figure 9(a) are the same as those of the initial state listed 
in TableII, which means that the 3M2CPOOB molecules would rotate 
around the cone with no change of the dielectric constants. However the 
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18 M. MITSUISHI et a/. 

theoretical curve is not in good agreement with the experimental data in 
Figure 9(a). Figure 9(c) is the same as Figure 8(c), showing the best fit with 
the experimental data, that is to say, the dielectric tensor slightly changes 
during the reorientation. As for E,,, the difference from the initial state was 
evaluated to be a decrease of 0.025, whereas and Aczz were increases of 
0.013. This finding indicates that the component of the diagonals c,, is 
decreasing within 15 ps and then increasing back to the original value, while 
the opposite is the case for y and z components of the dielectric tensor 
diagonals. In other words, the 3M2CPOOB molecules undergo cooperative 
motions but they are not perfect, having some orientational distribution 
during the reorientation from one direction to the other. One possible 
explanation for this is that the 3M2CPOOB molecules have some velocity 
distribution during the reorientation. This distribution appears as the defor- 
mation of the dielectric ellipsoid on average; at the initial stage of rotation it 
shrinks along with the molecular long axis, while it enlarges toward the 
direction perpendicular to the molecular long axis. Another possibility is 
that the reversal of the external electric field may affect the spontaneous 
polarization of the 3M2CPOOB molecules, which weakens the dielectric 
components of the molecular long axis. This explanation is based on the 
fact that the cone angle 8 becomes larger as the external field is increased, 
Le., the dipole moment of the 3M2CPOOB is more oriented with the in- 
crease of the external field, resulting in the change of the dielectric tensor on 
average. However such a small readjustment of directors must take place 
within a very short time following the voltage step in the nanosecond 
region. Considering the time range we observed, a few tens of microseconds, 
the former velocity distribution is likely to be a reasonable explanation for 
the transient shrinkage of the dielectric tensor. 

To avoid confusion, it should be again noted that the change of the 
dielectric diagonals is just apparent one on average and does not mean that 
the dielectric diagonals of the 3M2CPOOB molecule change during re- 
orientation. We divided the 3M2CPOOB layer into two regions, and the 
values used herein correspond to the average dielectric diagonals in each 
region. Therefore the change of the apparent dielectric diagonals implies 
that the orientation of the 3M2CPOOB molecules has some kind of dis- 
tribution during the reorientation process. As for the cause, we suggested 
the velocity distribution of the directors during the reorientation. However 
a similar result may be caused by the distribution of the azimuthal angle as 
a function of the displacement of the Z axis due to the surface effect from 
the substrates. Both have a very similar effect on the reflectivity curves, and 
we cannot distinguish these two possibilities. But taking into account both 
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REORIENTATION OF FLC STUDIED BY TROWS 19 

the high electric field and the simultaneous appearance of the imaginary 
part mentioned in the later section, the velocity distribution seems to be 
responsible for the apparent change of diagonals. 

The fitting results for the time-resolved waveguide mode patterns are 
shown in Figure 10. The theoretical curves are in fairly good agreement 
with all experimental data, in particular, at the position of each mode 
between the theoretical curve and the experimental data over the whole 

(a) 4.5 ps (b) 10.5 ps 
1 .o 1.0 

5 .- 0 
.d 

.- > .- Y 
> 
Y 

8 0.5 8 0.5 

2 2 
0.0 0.0 

30 40 50 60 30 40 50 60 

(d) 20.5 ps 
1.0- 

(c) 15.5 ps 
1.0, 1 

0.0 u 
30 40 50 60 

(e) 25.5 ps 
1 .o 1-1 

. .  
0.0 - 

30 40 50 60 

0.0 - 
30 40 50 60 

( f )  30.5 ps 
1.0, I 

._ b 
> ." 
4- 

6: 0.5 

1 
0.0 

30 40 50 60 

FIGURE 10 Overall fitting results for the transient waveguide mode patterns for plight at 
/3 = 90" from (a) 4.5 ps to ( f )  30.5 vs. 
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time range and the wide angle of incidence. This result supports the validity 
of the simple description for the switching process mentioned above. 

3.4. A Dynamic Model of the 3M2CPOOB Molecules 
in the Course of the Switching Process 

Figure 11 shows the time dependence of each parameter used in the fitting: 
(a) the azimuthal angle 4, (b) the layer tilt angle $. As shown in 
Figure 1 l(a), it is clear that the reorientation of the 3M2CPOOB molecules 
was completed within 30ps induced by the large voltage step of 8.52 x lo4 
V:cm. Xue et al. [40] reported the time evolution of the azimuthal angle 4 

(a) azimuthal angle 4 
200 J I 

3 

i ' " ' 1 ~ * ' . i " " l ' ~ ~ ~ I ' " ' ! . ~ ~ '  

-10 0 10 20 30 40 50 60 70 80 

Time (p) 

FIGURE 1 1 Time dependence of(a) azimuthal angle 4 and (b) layer tilt angle $. The solid line in 
(a) was obtainedfrom Eq. (4) which gives better fitting than the dashed line optimized from Eq. (5). 
which means that under a high electric field the contribution from the dielectric anisotropy must 
be taken into consideration as well as that from the ferroelectric interaction. 
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REORIENTATION OF FLC STUDIED BY TROWS 21 

derived from Eq. (3), neglecting the contribution from the moment of inertia 
and the surface interaction: 

d4 q- = PEsin4 + E2 sin2@ sin4 C O S ~ ,  
d t  ( 3 )  

where is the rotational viscosity, As the dielectric anisotropy at low 
frequency, E the electric field applied to the liquid crystal cell and P the 
magnitude of spontaneous polarization. The solid line in Figure 11 (a) was 
obtained using Eq. (4), which is the solution of Eq. (3): 

where z = q/PE, 4, = 4(f = 0), and M = A&Esin28j(4nP). The line calculated 
with z = 4.2 p, 4, = 0.9", and CI = 0.52 seems in good agreement with the 
experimental data [41], whereas the contribution of the layer tilt angle $ is 
neglected in Eq. (3). This is not surprising due to the following consider- 
ation. The contribution of $ to two right terms of Eq. (3) is cos$ and cos2$, 
respectively [lSJ. In the present case, the maximum layer tilt angle was 
$=7.5", at which the values of cos$ and cos2$ are 0.99 and 0.98; the 
contribution of these terms of Eq. ( 3 )  is negligible. 

The dashed line was the calculated curve including only the contribution 
from the ferroelectric torque; the solution was given by Eq. (5 ) ,  which gives 
poorer fitting than that of Eq. (4): 

The parameters were obtained from the least square optimization as fol- 
lows: +,=3.4" and ~ = 4 . 4  (ps). This means that the contribution not only 
from the ferroelectric torque, but also from the dielectric torque must be 
considered under the high electric field. In other words, under a high electric 
field, the contribution from the dielectric anisotropy cannot be neglected, 
which slows down the time of switching. 

Figure 11 (b) indicates that the 3M2CPOOB molecules undergo the layer 
buckling motion during the reorientation from one direction on the smectic 
cone toward the other side of the cone; both the initial and final states are 
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22 M .  MITSUISHI et a / .  

2.6: 

the bookshelf structure. Two effects are conceivable as the reason for this: 
one is the relaxation from the bookshelf to the chevron structure, and the 
other the anti-parallel interaction between the spontaneous polarization 
and the electric field as described in section 3.3.3 [4]. The former may be 
caused by the interaction between the surface and the 3M2CPOOB mole- 
cules. We neglect the surface effect on the fitting, but this problem should be 
clarified in the future. 

Figure 12 shows the time dependence of (a) the real part of the dielectric 
constant ( E ~ ~ ,  cYy, czz)  and (b) the apparent imaginary part of the dielectric 
constant. The real part of the dielectric tensor diagonals along with the 
molecular long axis changed once to decreasing and then increasing toward 

I 
@* W 

J 
2.2 . 00 0 cDoo@o 0 0 

1 ’ . ” 1 ’ ’ ~ ” ~ ’ ’ ~ I ” ~ ’ I ~ ’ ‘ ’ I . ” ’ I ’ . . . I ’ ~ ~ ’  

3 -CU 2.4 

> 

0.010 

s”’ 
4, 0.005 - 

0 
0 0 

0.000 

FIGURE 12 Time dependence of the dielectric tensor diagonals: (a) the real part and (b) the 
apparent imaginary part. (a) The component of the molecular long axis E,, is once decreasing, 
and then increasing to the orignal value, while the opposite situation is the case of eyy and gZr  

(b) The maximum apparent imaginary part is 0.007 which might be caused by the light 
scattering during the reorientation. 

-Fnoch. * - 1 . .  . . I . .  . . , .  .s. I . .  . . , . . - 1 , .  . . . , . . . -0 
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REORIENTATION OF FLC STUDIED BY TROWS 23 

the original value. As shown in Figure 12(b), the change in the apparent 
imaginary part of the dielectric diagonals during reorientation must be 
taken into account, even though the value is small compared with the case 
of a nematic liquid crystal [30]. The light scattering during the reorienta- 
tion is the most plausible cause for it. This may be also responsible for the 
slight deviation between the theoretical and the experimental data in the 
transient reflectivities in Figure 10. As for the light scattering, the disclina- 
tion during the reorientation observed under a low electric field by a 
stroboscopic microscope may be one of the responsible factors [26]. We 
simplified the switching process by the use of a high electric field so that the 
discontinuity can apparently be neglected. But the discontinuity resulting 
from the nucleation of the disclination may occur even under a high electric 
field. This could be a reason for the discrepancy between the experimental 
data and the theoretical curve, in particular, during the transient states near 
the midpoint of the molecular motion. 

From these considerations, a reorientation model of the 3M2CPOOB 
molecules between two stable bookshelf structures under a high electric field 
is proposed as illustrated in Figure 13; (a) intially 3M2CPOOB molecules 

E 

I 
I I 1 I 

1 1  
' I  

BOOKSHELF CHEVRON 
LIKE BOOKSHELF 

FIGURE 13 Schematic drawing for the molecular reorientation of the 3M2CPOOB induced by 
the large voltage step. 
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24 M. MITSUISHI et a/. 

orient along one direction with a bookshelf structure under the high electric 
field. When the polarity is changed, (b) the molecules start moving with 
counter rotation between the top and the bottom halves of their layers. 
Simultaneously, the smectic layers bend from the substrate normal, and 
then (c) the 3M2CPOOB molecules achieve the other orientation again 
with the bookshelf structure. During the reorientation, all the 3M2CPOOB 
molecules rotate uniformly, but having some orientational distribution. 

4. CONCLUSION 

Time-resolved optical waveguide spectroscopy was utilized to investigate 
the switching dynamics of the ferroelectric liquid crystal molecules 
(3M2CPOOB) under an alternating electric field. The changes of both the 
tensor diagonals of 3M2CPOOB and the angles which defined the direction 
of the director in the laboratory coordinate system were successfully detec- 
ted using TROWS with a 1 . 0 ~ s  time-resolution. From the quantitative 
analysis of the transient waveguide mode patterns, a reorientation model 
was proposed as follows: the molecular motion around the cone is coupled 
with the layer buckling, involving some orientational distribution which 
results in the transient shrinkage of the dielectric ellipsoid. This implies that 
the 3M2CPOOB molecules take a chevron-like structure during the re- 
orientation from one bookshelf structure to the other. The rotation repre- 
sented by the azimuthal angle under the high electric field could be 
described with the equation of director rotation based on a ferroelectric 
torque and a dielectric torque. Of cdurse, these molecular motions may be 
greatly influenced by the properties of the materials, the surface treatment, 
and the manner of application of the electric field, efc .  As shown in the 
present discussion, TROWS enables us to investigate the dynamic structure 
and reorientation kinetics of the FLC molecules in the microsecond time 
range. 
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