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A half-V-shaped switching ferroelectric liquid crystal (FLC) is a promising candidate for fast
response displays. In the half-V FLC display, a liquid crystal with a chiral nematic–chiral
smectic C phase transition is used, and the smectic layer is formed by cooling from N* to
SmC* with an applied d.c. field. We studied the layer structure by means of X-ray
measurements for two axes (v and x). By using a point-focused X-ray tube and optimizing
the slit width, we succeeded in the two-axis measurement with a commercial X-ray system.
The v–x profile of the half-V FLC showed two broad peaks in an arc-shaped high-intensity
area. Our interpretation of this result is that the major part of the layer consists of a tilted-
bookshelf structure and that the minor part consists of a near-bookshelf structure. Since
optical microscopy observations on the half-V FLC cells showed a stripe-shaped texture, we
consider that the coexistence of the tilted-bookshelf and the near-bookshelf structures forms
the stripe-shaped patterns. The radius of the arc-shaped high-intensity area was nearly equal
to the molecular tilt angle. This result can explain why the half-V FLC showed a desirable
black appearance in spite of the stripe-shaped texture.

1. Introduction

A twisted nematic (TN) liquid crystal display (LCD)

combined with an array of thin film transistors (TFTs),

i.e. a TN-mode TFT-LCD, is widely used for cellular

phones, personal computers, TVs, etc. However, for

applications to high-definition TVs and the display of

high-quality moving pictures from digital sources, the

response speed of the TN-mode is insufficient. Since the

response speeds of a ferroelectric liquid crystal (FLC)

and an antiferroelectric liquid crystal (AFLC) are much

faster than that of the TN-mode, various TFT-LCDs

using FLC and AFLC materials have been developed

[1]. The present authors have demonstrated a 15-inch

TFT-LCD with XGA resolution using a V-shaped

switching smectic liquid crystal (thresholdless AFLC)

[2, 3].

Several groups have developed a half-V-shaped

switching ferroelectric liquid crystal (half-V FLC)

display [4, 5]. The half-V FLC mode is a promising

candidate for a fast response TFT-LCD because it has

low spontaneous polarization (Ps) and allows the

display of analogue grey scale. Moreover, it provides

a non-hold type display [6, 7] by simple a.c. driving. In

the half-V FLC display, a liquid crystal with a chiral

nematic–chiral smectic C (N*–SmC*) phase transition

is used and the smectic layer is formed by cooling from

N* to SmC* under an applied d.c. electric field. In

many cases, the texture of the half-V FLC consists of

unclear striped domains parallel to the rubbing

direction. In order to obtain a defect-free and stable

alignment of the liquid crystal, an adequate under-

standing of the layer structure is necessary.

In order to investigate the layer structures in smectic

liquid crystals, X-ray diffraction (XRD) is widely used.

The X-ray measurement for the v-axis provides

information about the layer tilt in the direction vertical

to the substrate plane of a cell, and that for the x-axis

provides information about the layer rotation in the

direction horizontal to the substrate plane. In the case

of an FLC with a smectic A (SmA) to SmC* phase

transition, in general the layer normal is fixed

approximately parallel to the rubbing direction and

the layer rotation angle is about 0‡. Thus, the layer

structure is generally analysed by XRD for only the

v-axis.
*Author for correspondence;
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In contrast, in the case of an FLC with a N*–SmC*

phase transition, and thus having no SmA phase, on

cooling the liquid crystal from the N* phase with no

applied d.c. electric field two types of domain with the

Ps directing upwards or downwards are formed [8–12].

Consequently, the layer normals in these domains are

not fixed in one direction. In the case of the half-V FLC

mode, one type of domain with the Ps directing either
upwards or downwards can be selectively formed by

applying a d.c. electric field during the N*–SmC* phase

transition. However, the stripe-shaped texture observed

in the half-V FLC cells implies a distribution of the

layer rotation angle. Thus, in order to investigate the

layer structures in an FLC with an N*–SmC* phase

transition, including the half-V FLC, X-ray measure-

ment for not only the v-axis but also the x-axis is

required.

Almost all the X-ray measurements for the two axes

(v and x) have been carried out using synchrotron X-

rays [13–20]. Takada et al. [13] investigated the layer

structure of an FLC with an N*–SmC* phase transition

at the Photon Factory in Tsukuba, Japan. Although the
synchrotron is a powerful tool for the analysis of

various liquid crystals [21–23], a special experimental

facility is needed. So we attempted the two-axis

measurement using a commercially produced X-ray

diffractometer. By the use of a point-focused X-ray

tube and optimization of the slit width, the divergence

of the X-ray beam was reduced and consequently the

two-axis measurement was achieved.

In this study, the layer structures in an FLC with an

N*–SmC* phase transition, including the half-V FLC,

were analysed with the commercial X-ray system. In

addition, relationships between the layer structures and

the liquid crystal alignment were investigated.

2. Experimental

In our two-axis X-ray measurements (v–x profiles), a

Philips (PANalytical) X’pert-MRD X-ray diffract-

ometer equipped with a point-focused X-ray tube

with a Cu target anode was used. The X-ray beam

was not monochromatized and the main component of

the beam was a CuKa line (0.1542 nm). The width of

the incident and diffracted beam slit was optimized to

reduce the divergence of the X-ray beam (see § 3.2). The

incident beam size in a typical experiment was about

0.6 mm (vertical)63 mm (horizontal) at the sample
position. All the two-axis measurements were carried

out at room temperature, the step of the sample

rotation was 1‡, and the data collection time of each

step was 2.5 s.

The diffraction geometry is schematically shown in

figure 1. The X-ray detector (proportional counter) was

fixed at the 2hB corresponding to the smectic layer

spacing, where hB is the Bragg angle. The v-scan is the

sample rotation around the same axis as the 2hB

rotation. The v-scan profile provides the layer tilt angle

d in the direction vertical to the substrate plane. The

x-scan is the sample rotation perpendicular to the v-

rotation, and the direction of x-axis is parallel to the

substrate normal. In the case that the rubbing direction

of the sample is parallel to the 2hB rotation plane, x is

defined as 0‡. The x-scan profile provides the layer

rotation angle a in the direction horizontal to the

substrate plane.

Figure 2 summarizes the relationships between the

layer structures and the v–x profiles with the peak at

(a) v~x~0‡, (b) v~d, x~0‡ and (c) v~0‡, x~a. The

layer structures of figures 2 (a) and 2 (b) are bookshelf

and tilted-bookshelf, respectively. Although the struc-

ture of figure 2 (c) is so-called bookshelf in the direction

vertical to the substrate plane, the layer normal rotates

at the angle of a from the rubbing direction.

In order to obtain high transparency of the X-ray

beam, an 80 mm thick glass substrate with an indium tin

oxide (ITO) electrode was used. The half-V FLC

materials (LZ-4008 and LZ-4011, supplied by Clariant

Japan K. K., see table 1) were injected at 95‡C between

a pair of the substrates with a gap of approximately

1.5 mm. On both of the inner surfaces of the substrates,

polyimide (SE-7992, Nissan Chemical Industries, Ltd)

films with low pretilt angle were formed and rubbed in

the conventional manner to obtain alignment layers

whose thickness was about 45 nm. The FLC materials

LZ-4008 and LZ-4011 consisted of similar components

with a phenylpyrimidine core; however, the molecular

Figure 1. The diffraction geometry in the two-axis X-ray
measurements.
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tilt angles and the N*–SmC* phase transition proper-

ties of these materials were different.

We evaluated four samples, as listed in table 2.

Rubbing treatment in the direction antiparallel (1, 2, 4)

or parallel (3) was performed on a pair of the polyimide

films (cf. figures 9, 13 and 15). Samples 1–3 were cooled

from the N* to SmC* phase with an applied d.c.

voltage of 25 V. Sample 4 was cooled from N* to

SmC* with no applied d.c. field.

For the measurements of transmittance–applied

voltage (T–V) dependence and tilt angle, a polarizing

optical microscope (BX50, Olympus Optical Co.) with a

photodiode was used. The cone angle (i.e. the double of

the molecular tilt angle htilt) was determined from the

extinction positions of the sample when z10 V and

210 V were applied. The order of phase transition of

the FLC materials was evaluated by differential

scanning calorimetry (DSC). The DSC measurements

were carried out at a rate of 10‡C min21 by using a

DSC220CU instrument (Seiko Instruments Inc.); the

sample weight was about 6 mg.

Figure 2. Schematic v–x profiles in the two-axis X-ray measurements for typical layer structures; (a) bookshelf, (b) tilted-
bookshelf, (c) vertical bookshelf with the layer normal rotated at an angle a from the rubbing direction.

Table 1. Properties of the liquid crystal materials.

LZ-4008:
Phase sequence crystal v0‡C SmC* 61‡C N* 88‡C Isotropic
Spontaneous polarization (Ps) 2.7 nC cm22

Tilt angle at room temperature 21.1‡

LZ-4011:
Phase sequence crystal v0‡C SmC* 63‡C N* 86‡C Isotropic
Spontaneous polarization (Ps) 2.9 nC cm22

Tilt angle at room temperature 27.3‡

Table 2. List of the sample cells.

Sample Materials Rubbing Cooling Texture

1a LZ-4008 Antiparallel With d.c. Striped domain
2a LZ-4011 Antiparallel With d.c. Striped domain
3 LZ-4008 Parallel With d.c. Monodomain
4 LZ-4008 Antiparallel Without d.c. APD

aSamples 1 and 2 showed a common half-V switching.
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3. Results and discussion

3.1. Texture and electro-optical properties

The optical properties of the sample cells are

presented here before the results of X-ray analysis.

Figure 3 shows micrographs of samples 1, 3 and 4 in the

absence of an electric field, which were taken using a

polarizing optical microscope at room temperature. The

transmission axis of one polarizer was placed nearly

parallel to the rubbing direction, and the transmission

axis of the other was placed perpendicular to it.

Samples 1 and 2 had stripe-shaped texture, with the

stripes running almost parallel to the rubbing direction

(see figure 3 (a)). The size of each domain was much

smaller than the pixel size of ordinary LCDs. Light

leakage from the domains and the domain boundaries

was low. This type of texture is commonly observed in

half-V cells. T–V dependence was measured for a test

cell made with a pair of 1.1 mm thick glass substrates

under the same conditions as for sample 2. As shown in

figure 4, half-V shaped switching was obtained, i.e. the

transmittance was almost constant at negative polarity

of the applied voltage, and increased with a higher

voltage at positive polarity. The dependence exhibited a

slight hysteresis.

As shown in figure 3 (b), monodomain texture was

observed in sample 3. Parallel rubbing was performed

for sample 3, which may affect the generation of the

monodomain texture. The hysteresis loop of sample 3

in T–V dependence was so large that the sample was

unsuitable for the display of grey scale.
Sample 4 was prepared by cooling from N* to SmC*

with no applied d.c. electric field. Consequently, two

types of domain were formed, which can be seen as grey

and black stripes in figure 3 (c). These corresponded to

‘up’ and ‘down’ states of the Ps and are named

alternating polarization domains (APDs) [12]. The

directions of molecular alignment in the two types of

domain differed by several degrees; the domain stripes

ran parallel to the rubbing direction. Obvious light

leakage was observed from some parts of the domain

boundaries. Note that the size of the X-ray analysing

area was much larger than that of each domain.

Figure 3. Micrographs of samples 1, 3 and 4 in the absence
of an electric field, taken using a polarizing optical
microscope (crossed nicols). The size of the micrographs
is 225 mm (vertical)6300mm (horizontal). White dots in
the micrographs were caused by the spacers for cell gap
control and inhomogeneous alignment of the liquid
crystal around the spaces. The texture of sample 2 was
similar to that of sample 1.
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3.2. Experimental improvement of the X-ray

diffractometer

In the case of one axis (v-axis) measurement,

divergence of the X-ray beam in a vertical direction

(perpendicular to the 2hB rotation plane) has hardly

any effect on the experimental result. Thus, a line-

focused X-ray tube and a detector with rectangular

(length greater than width) window are often used. In

contrast, in the case of the two-axis measurement, such

a set-up caused an inaccurate x-profile. The set-up for

the two-axis measurement is schematically shown in

figure 5. In order to reduce the divergence of the X-ray

beam in a vertical direction, an incident beam slit (cross

slit collimator) was placed between the X-ray tube and

the sample. Additionally, a diffracted beam slit was

inserted in front of the detector to narrow its

rectangular window.

The x-profiles (rocking curve) of sample 2 were

measured under various conditions while the v-angle

was set to the peak position (v~217.9‡). The influence

of the slit-width and the X-ray tube arrangement

(point- or line-focus) on the x-profiles is shown in

figure 6. In the case of the line-focused X-ray tube, (a)

and (b), no clear peak was observed, even if the slit

width had narrowed. Thus, for the two-axis measure-

ment, it was necessary to change the arrangement of the

X-ray tube from line-focus to point-focus.

As shown in (c), by using the point-focused X-ray

tube and optimizing the slit-width, a relatively sharp

peak with acceptable signal-to-noise ratio was obtained.

Although the wider incident and diffracted beam slits

enhanced the X-ray intensity, the obtained peak was

broad and the peak position shifted toward 0‡, see (d)

and (e). These results indicate that the peak position,

i.e. the layer rotation angle, cannot be determined

accurately by measurement with the wider slit. The

two-axis X-ray measurements reported in the following

sections were performed at the optimized condition

shown in (c) of figure 6.

3.3. v–x profiles of the half-V FLC cells (samples 1

and 2)

The v–x profiles of samples 1 and 2 were measured

(see figures 7 and 8, respectively). These samples were

Figure 4. Transmittance–applied voltage dependence of a
test cell made with a pair of 1.1 mm thick glass substrates
under the same conditions as for sample 2. The
dependence was measured at room temperature by
applying a triangular wave voltage at a frequency of
0.1 Hz.

Figure 5. The experimental set-up for the two-axis X-ray measurement. An incident beam slit was used to reduce the divergence
of the X-ray beam; a diffracted beam slit narrowed the detector window.
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prepared by cooling from N* to SmC* with an applied

d.c. electric field and showed half-V switching. Both

samples exhibited an arc-shaped high-intensity area. As

shown in figure 7, sample 1 had two broad peaks in the

high-intensity area. The centre position of the stronger

peak (1a) was v~218‡ and x~210‡. This result

indicates that the major part of sample 1 consists of a

layer with d<18‡ and a<10‡. The centre position of the

weaker peak (1b) was v~26‡ and x~217‡. The

circular dotted curve with a radius of 21.0‡ is drawn for

eye-guide, and the arc-shaped high-intensity area was

coincident with the curve in the region of v¡0‡ and

x¡0‡.
As shown in figure 8, sample 2 also had two broad

peaks in the arc-shaped high-intensity area. The centre

position of the stronger peak (2a) was v~218‡ and

x~221‡; that of the weaker peak (2b) was v~23‡,
x~227‡. The radius of the high-intensity area was

approximately 27.5‡, which was larger than that of

sample 1. Molecular tilt angles (measured using the

polarizing microscope) of samples 1 and 2 were

21.1‡ and 27.3‡, respectively. That is, the radii of the
Figure 6. The influence of the X-ray tube arrangement and

slit-width on the x-profiles (rocking curves) of sample 2,
which were measured at a fixed v-angle of 217.9‡. Curve
(c) illustrates the best condition, and the two-axis
measurements were performed at this condition.

Figure 7. The v–x profile of sample 1 with stripe-shaped
texture, measured at a fixed 2hB angle of 3.41‡. The
dotted curve represents a circle with radius 21.0‡. The
darkest part corresponds to the highest diffracted
intensity (54 cps).

Figure 8. The v–x profile of sample 2 with stripe-shaped
texture, measured at a fixed 2hB angle of 3.46‡. The
dotted curve represents a circle with radius 27.5‡. The
darkest part corresponds to the highest diffracted
intensity (56 cps).
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high-intensity area were nearly equal to the molecular

tilt angles.

3.4. Proposed layer structure in the half-V FLC

A layer structure in the half-V FLC is proposed on

the basis of the results of the two-axis X-ray

measurement and the optical microscopy observation,

which is shown in figure 9. In the v–x profiles of the

half-V FLC cells, two broad peaks in the arc-shaped

high-intensity area were observed (see figures 7 and 8).

The stronger peak (1a, 2a) has a relatively large

absolute value of v, indicating that the major part of

the layer is a tilted-bookshelf structure in the vertical

direction of the substrate plane. On the other hand, the

v-value of the weaker peak (1b, 2b) is close to 0‡,
indicating that the minor part of the layer is a near-

bookshelf structure. Since the optical microscopy

observations for the half-V FLC cells showed stripe-

shaped texture, it is proposed that the co-existence of

the two structures forms the stripe-shaped patterns.

That is, the tilted-bookshelf structure observed as the

stronger peak forms one kind of stripe and the near-

bookshelf structure observed as the weaker peak forms

another kind, illustrated as ‘domain A’ and ‘domain B’

in figure 9, respectively.

The absolute value of x of the weaker peak is larger

than that of the stronger peak and neither is close to 0‡.
This implies that the layer normals in both the domains

A and B rotate from the rubbing direction and that the

layer rotation angle a of domain B (the near-bookshelf

structure) is larger than that of domain A (the tilted-

bookshelf structure). Actually, the peaks obtained

in the v–x profiles of the half-V FLC were broad

compared with an ordinary FLC with an SmA–SmC*

phase transition. This suggests that the distributions of

the tilt angle and the rotation angle of the layer in the

half-V FLC are relatively wide.

3.5. Rationale for the layer in the half-V FLC

In spite of the coexistence of the tilted-bookshelf

structure and the near-bookshelf structure, the half-V

FLC showed a desirable black appearance, resulting

from the substantially coincident extinction position of

each domain. In order to consider the reason, the

position of the molecular director in the inclined smectic

layer was calculated on the basis of reference [24].

Figure 9. Schematic drawing of the proposed layer structure in the half-V FLC, possessing the stripe-shaped texture. The cell
substrates lie in the XY-plane at the positions Z~0 and Z~d, where d is the cell gap. The rubbing direction is parallel to the
X-axis; the angles are not drawn to scale. Domain A is a tilted-bookshelf structure with dA and aA; domain B is a near-
bookshelf structure with dB and aB. The results of v–x profiles imply that the width of domain A is larger than that of domain
B, and that dAwdB and aAvaB.
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The coordinate systems of the liquid crystal (x, y, z)

and the laboratory frame (X, Y, Z) are shown in

figure 10. The liquid crystal molecular director nm is

given by

nm~ nx, ny, nz
� �

~ cos htilt, sin htilt cos wm,ð

sin htilt sin hmÞ
ð1Þ

where, htilt and wm are the molecular tilt angle and the

azimuthal rotation angle of a liquid crystal molecule,

respectively.

The smectic layer is tilted from the substrate normal

Z by d. In addition, the layer normal is rotated from

the rubbing direction X by a. The coordinate systems of

the laboratory frame (X, Y, Z) is converted by

nX~nx cos d cos aznz sin d cos azny sin a ð2Þ

nY~ny cos a{nx cos d sin a{nz sin d sin a ð3Þ

nZ~nz cos d{nx sin d: ð4Þ

From equations (1)–(4), the apparent tilt angle happ and

the pretilt angle cpre of the FLC molecule are given by

tan happ~
nY

nX

~
sin htilt coswm cos a{ cos htilt cos d sin a{ sin htilt sinwm sin d sin aÞð
cos htilt cos d cos az sin htilt sinwm sin d cos az sin htilt cos wm sin aÞð

ð5Þ

sin cpre~nZ~ sin htilt sin wm cos d{ cos htilt sin d: ð6Þ
That is, in the layer with tilt angle d and rotation angle

a, the position of the molecular director (happ and cpre)

is represented by using equations (5) and (6).

Polyimide alignment layers with low pretilt angle

were used in this study. This suggests that the FLC mole-

cules aligned approximately parallel to the substrate

plane in the absence of the electric field. So we assume

cpre&00: ð7Þ
In addition, the condition to make the FLC molecules

align parallel to the rubbing direction is

happ~00: ð8Þ
By substitution of these values, equations (5) and (6) are

described as the approximation expression

h2
tilt~d2za2~v2zx2 ð9Þ

where d~v and a~x at peak position in the v–x
profiles. When equation (9) is satisfied, the molecular

director aligns parallel to the rubbing direction with a

pretilt angle of 0‡.
As shown in figures 7 and 8, the high-intensity area

was coincident with the circle of radius htilt. That is, the

smectic layer in the half-V FLC obeyed equation (9). As

a result, the half-V FLC molecules aligned approxi-

mately parallel to the rubbing direction and a good

black appearance was obtained in the half-V FLC cell.
In order to discuss the process of smectic layer

formation at the N*–SmC* phase transition, DSC

profiles of LZ-4008 and LZ-4011 were measured

(figure 11). Peaks in enthalpy change at the N*–SmC*

point were observed in both samples, indicating a first-

order phase transition. In the case of a first-order

transition, the smectic layer is formed directly at the

N*–SmC* point; the liquid crystal molecules align

parallel to the rubbing direction in the N* phase. The

alignment can be maintained through the N*–SmC*

phase transition when the layer inclines in the vertical

and horizontal directions to the substrate plane,

keeping the relation given by equation (9).

Compared with LZ-4011, the enthalpy changes of LZ-

4008 at the N*–SmC* point were quite small (see

figure 11). Note that the peak area of LZ-4008 at the

isotropic–N* point was nearly equal to that of LZ-4011.

The difference in the enthalpy change at the N*–SmC*

Figure 10. (a) Geometrical configuration of the FLC mole-
cule (x, y, z); (b) laboratory (X, Y, Z) coordinates. The
cell substrates lie in the XY-plane. The rubbing direction
is parallel to the X-axis.

(5)
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point may affect the formation of the smectic layer. For

further investigation, X-ray measurements at a tempera-

ture near to the N*–SmC* point are necessary.

3.6. v–x profile of the monodomain cell (sample 3)

The v–x profile of sample 3 with monodomain

texture was measured. As shown in figure 12, three

peaks, a strong peak (3a: v~218‡, x~212‡), a weak

peak (3b: v~25‡, x~219‡) and a medium peak (3c:

v~13‡, x~215‡), were observed. Since sample 3

consists of a single domain, the three peaks seem to

originate from a single structure. The proposed layer

structure is schematically shown in figure 13. The

x-values of 3a and 3c were roughly the same; the

peak 3b is sufficiently weak to be neglected. Thus, these

results imply that sample 3 has an asymmetric chevron

structure inclined at angles of 218‡ and 13‡ to the

direction vertical to the substrate plane, and that the

layer normal rotates at an angle of 12‡–15‡ from

the rubbing direction.

A comparison with sample 1 may be described as

follows. Samples 1 and 3 were fabricated under the

same conditions except for the rubbing direction. The

peak positions of 3a and 3b were close to those of 1a

and 1b, respectively (see figures 7 and 12). The peak

intensity of 3b was much weaker than that of 1b, and

another peak (3c) appeared in the region of vw0‡.
Sample 1 with anti-parallel rubbing had a tilted-

bookshelf-like structure and sample 3 with parallel

rubbing had a chevron-like structure. This result can be

explained by taking into account the pretilt angle of the

FLC molecules on the surface of the rubbed polyimide

films. Assuming that the layer inclined at the same

direction for the pretilt of each surface, anti-parallel

rubbing brings about the tilted-bookshelf structure and

parallel rubbing brings about the chevron structure.

Thus, sample 3 with parallel rubbing should have the

chevron structure.

3.7. v–x profile of the APD cell (sample 4)

In figure 14, the v–x profile of sample 4 with APD

texture shows the semicircular high-intensity area

symmetrical with respect to the v-axis. Since the

major part of the high-intensity area is located

around v~220‡, the dominant structure in sample 4

is a tilted-bookshelf with d<20‡ in a direction vertical

to the substrate plane. The direction of the layer

normal is mainly distributed at a range of x~¡15‡
from the rubbing direction. This result suggests a bent

chevron structure in a direction horizontal to the

substrate plane as illustrated in figure 15. Although

some reports imply that the layer structure of an FLC

with APDs is bookshelf in a direction vertical to the

substrate plane (i.e. d~0‡), sample 4 showed a

relatively high d-value of around 20‡. Compared with

samples 1 and 2, the gap between the circle with radius

21.0‡ and the arc-shaped high-intensity area of sample 4

was relatively large, especially at the higher x-value.

This might cause the disagreement regarding extinction

position in the APDs (see figure 3 (c)).

Figure 11. DSC profiles of LZ-4008 (solid line) and LZ-4011
(dotted line) measured on heating and cooling. Peaks in
enthalpy change at the N*–SmC* point (indicated by
arrows) were observed in both samples, indicating a first-
order phase transition.

Figure 12. The v–x profile of sample 3 with monodomain
texture, measured at a fixed 2hB angle of 3.46‡. The
dotted curve represents a circle with radius 21.0‡. The
darkest part corresponds to the highest diffracted
intensity (62 cps).
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The difference between samples 1 and 4 depends on

whether the smectic layer is formed with or without an

applied d.c. electric field. The radii of the high-intensity

areas of samples 1 and 4 are approximately 21‡. The

appearance of the high-intensity area of sample 4 was

similar to that of the folded and piled up high-intensity

area of sample 1 with respect to the line of x~0‡.
Sample 4 was prepared by cooling from N* to SmC*

with no applied d.c. electric field, and possessed two

types of domain with ‘up’ and ‘down’ Ps states,

illustrated as ‘domain C’ and ‘domain D’ in figure 15,

respectively. Each type of domain corresponds to the

high-intensity area in the region of either x¡0‡ or

x¢0‡. On the other hand, in sample 1, one type of

domain (either ‘up’ or ‘down’ Ps states) was selectively

formed on application of a d.c. electric field during the

N*–SmC* transition. Thus, the peaks of sample 1 were

observed only in the region of x¡0‡.

4. Conclusions

Two-axis X-ray measurements (v–x profiles) clarify

the layer structure in the FLC with an N*–SmC* phase

transition. The v–x profiles of the half-V FLC cells

showed two broad peaks in an arc-shaped high-

intensity area. Our interpretation of this result is that

the major part of the layer consists of a tilted-bookshelf

structure, the minor part consisting of a near-bookshelf

structure. Since optical microscopy observations for the

Figure 13. Schematic drawing of the proposed layer structure in sample 3, possessing the monodomain texture. The cell
substrates lie in the XY-plane; the layer rotation angle a ranged between 12‡ and 15‡.

Figure 14. The v–x profile of sample 4 with APD texture,
measured at a fixed 2hB angle of 3.51‡. The dotted
curve represents a circle with radius 21.0‡. The darkest
part corresponds to the highest diffracted intensity
(47 cps).
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half-V FLC cells showed a stripe-shaped texture, it is

proposed that the co-existence of the two structures

forms the stripe-shaped patterns; that is, the tilted-

bookshelf structure forms one kind of stripe and the

near-bookshelf structure forms another kind of stripe.
The radius of the high-intensity area was nearly equal

to the molecular tilt angle. That is, the layer tilt angle d,

the rotation angle a and the molecular tilt angle htilt

obeyed the relationship of equation (9). This result can

explain how the half-V FLC exhibits a desirable black

appearance in spite of the stripe-shaped texture,

resulting in the substantially coincident extinction

position of each domain.

By using a point-focused X-ray tube and optimizing

the slit width, we succeeded in the two-axis measure-

ment with a commercial X-ray system. The measure-

ment provides information about the layer tilt angle

and the layer rotation angle simultaneously and is a

powerful tool for the analysis of smectic layer structure.

We thank T. Nonaka and H. Amakawa of Clariant

Japan K. K. for supplying the half-V FLC materials

and for fruitful discussion. We are also grateful to
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