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Chapter

In-Plane Retardation Switching
Behavior at Certain Types of
Smectic Liquid Crystals

Akihiro Mochizuki

Abstract

Smectic liquid crystals’ layer structures and their influence on electro-optic
characteristic properties are studied. Some background research works have
revealed that a certain type of tilted smectic liquid crystal to the smectic layer
normal showed some distorted out-of-plane retardation change. With intentional
distortion of out-of-plane retardation change even provides almost in-plane only
retardation change. In a certain type of smectic liquid crystal and its specific align-
ment condition, such a certain type of smectic liquid crystal panel shows in-plane
only retardation switching. A more comprehensive study is still required, and such
type of smectic liquid crystal panel provides unique electro-optic properties that
have not been reported.

Keywords: smectic liquid crystal, smectic layer, tilted smectic, in-plane retardation,
out-of-plane retardation, chevron layer, bookshelf layer

1. Introduction

Some smectic liquid crystals are known to show very different electro-optic effect
compared to those of most of nematic liquid crystals. Although among nematic liquid
crystals, some show unique electro-optic effect, most of nematic liquid crystals use
their anisotropy of dielectric constant originated from dipole-momentum as their
driving torque coupled with externally applied electric field. Under the restriction of
orientational order on nematic liquid crystals, the dipole-momentum driving torque
is fairly predictable. On the other hand, smectic liquid crystal molecules have some
more restriction in their molecular switching than those of nematic liquid crystals
due to their higher order molecule-molecule interactions than those for nematic
liquid crystals. Such restriction may not be simply interpreted by higher viscosity
as a bulk effect, but would be considered more intrinsic molecule-molecule interac-
tion. Since the meaning of restriction does not mean slower optical response, but
rather faster optical response than much less viscous nematic liquid crystal cases in a
certain case of smectic liquid crystal electro-optic device. One of the purposes of this
series of investigations is to understand how such restriction influences on retarda-
tion switching behavior such as in-plane and/or out-of-plane switching under the
premise of in use for electro-optic devices such as display devices, phase modulation
devices, beam steering devices and so on. In general, weaker molecule-molecule
interaction gives more straightforward driving torque as the result of driving torque
coupling from externally applied stimulation such as electric field application. Since
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externally applied electric field is literally a field effect regardless the applied field is
on liquid crystal layer, alignment layer, and more complex portion of interface area
between those two different dielectric layers. Some detailed investigation of dielectric
relaxation effect and its influence both on electro-optic response profile and surface
accumulated charge influence on electro-optic performance are widely investigated
[1-12]. Thanks to orientational order nature of most of nematic liquid crystal mole-
cules, their electro-optic response profile is mostly described and predictable without
significant consideration of those different dielectric layers relaxation and surface
charges influence except for some unique cases. One of the unique cases includes
even existence of second harmonic generation with nematic liquid crystal molecules
such as 5CB [13]. In spite of some unique cases, most of nematic liquid crystal cases,
their electro-optic behavior is still somewhat predictable, and more importantly,
such unique cases in nematic liquid crystal cases may be beneficial to consider more
complicated smectic liquid crystal cases’ electro-optic behavior.

It would be one of the interested topics to investigate smectic liquid crystal
molecular switching behavior governed by the smectic layer structure, specifi-
cally the layer restriction influence on in-plane and out-of-plane retardation
change. With expected smectic liquid crystals’ two-dimensional order, it is
reasonably expected showing some different retardation switching behavior
familiar with most of nematic liquid crystal cases. One of the examples is
surface stabilized Ferroelectric Liquid Crystal (SSFLC) case using artificially
unwounded helical structure of chiral smectic liquid crystals such as SmC*
phase liquid crystals [14]. Unlike most of nematic liquid crystal devices in use
which use the concept of strong anchoring, SSFLC device prefers much weaker
surface anchoring as long as it has well enough uniform molecular initial align-
ment at the surface of the substrate. This requirement comes from SSFLC panel’s
driving torque origin. Unlike dielectric momentum based driving torque for
most of nematic liquid crystal devices, SSFLC devices use spontaneous polar-
ization as their driving torque origin. Spontaneous polarization gives applied
voltage polarity sensitive torque. Therefore, if its surface anchoring is strong
anchoring, which means no molecular orientation change regardless applied
voltage, such a strong anchored SSFLC device shows asymmetric electro-optic
effect due to surface electrical polarization effect formed by asymmetric surface
anchoring in terms of surface area’s smectic liquid crystal molecular packing
mainly governed by non-uniform smectic layer stacking such as Chevron 1
uniform structure described in later on this chapter. Therefore, an ideal surface
anchoring for SSFLC panels is one-time surface anchoring just to have initial
alignment, and once uniform alignment is obtained, surface should not have
any restriction to molecular switching as “zero-anchoring force” However,
even it is an ideal situation, such surface anchoring may not be easy to realize
as an actual device, so that it would be necessary to find out any alternative
way to provide substantial “zero-anchoring” after obtained initial alignment
with smectic liquid crystal devices. One of such approaches is so-called slippery
SSFLC device, [15], or weak surface anchoring effect on nematic liquid crystals
[16]. A slippery surface is effective to avoid some significant conflict between
the strong anchored surface area’s liquid crystal molecules and bulk area’s much
less influenced surface anchoring effect liquid crystal molecules under applica-
tion of externally applied electric filed. Thanks to almost freely moving surface
area’s liquid crystal molecules, surface area’s and bulk area’s could eliminate
any catastrophic conflict under applied electric filed, resulting in more natural
and stable molecular switching. However, such slippery surface is not easy to
provide large area in uniform manner; moreover, such weak surface anchoring
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may have some long-term reliability concern. Since one of the reasons in current
nematic liquid crystal devices’ strong anchoring choice was long term reliability
and stability reason. However, using spontaneous polarization as a smectic
liquid crystal driving torque, choice of surface anchoring whether strong or
weak is still a big question. Some approaches to get rid of this dilemma have
been investigated. Surface clinic effect [17-31] is one of those investigations. Use
of DeVries type of smectic liquid crystals is also one of the potential approaches
[32, 33]. Unlike SSFLC cases, surface clinic effect is like induced polariza-

tion base. Anti-ferroelectric liquid crystals are also other approaches [34-38].
Both surface clinic and anti-ferroelectric liquid crystal cases have the common
ground in their initial surface anchoring. Both do not have spontaneous polar-
ization at the initial alignment stage, but show induced spontaneous polariza-
tion. The expression of induced spontaneous polarization is contradiction.
However, this expression gives intrinsic effect of those cases. Absence of exter-
nally applied electric field, both cases do not show any spontaneous polariza-
tion. Once externally applied electric filed unpins a certain balance, each liquid
crystal’s potential polarization synchronizes, resulting in bulk level of spontane-
ous polarization. Both cases are certainly providing some great hint to get rid

of the dilemma discussed above. This series of research works are to seek out
any practical means to get rid of the dilemma between strong and weak surface
anchoring in a smectic liquid crystal device. For the sake of this purpose, first,
current known ferroelectric liquid crystal device’s molecular alignment effect on
its electro-optic effect was investigated. Then, any possible way to avoid using
spontaneous polarization as a driving torque was investigated. As the investiga-
tion means, it turned out that knowing in-plane and out-of-plane retardation
switching behavior as the result of molecular switching is very effective to learn
a certain type of smectic liquid crystal molecular stacking. In addition to above
investigation, it is also discussed that how in-plane only retardation switching is
beneficial for some phase modulation devices.

A clarification of actual definitive relationship between smectic layer structure
and electro-optic switching behavior requires comprehensive research works. Even
such a comprehensive research work is a large amount of work, some approaches
penetrating specific point would be beneficial as one of the large amount of works.
This series of research works have focused on tilted smectic liquid crystals as their
influence on electro-optic performance, specifically on in-plane and out-of-plane
retardation switching behavior.

2.1deal SSFLC molecular stacking geometry

Before some unique molecular switching behaviors are discussed, first, an
ideal SSFLC molecular switching would be confirmed in terms of initial molecular
stacking models and their switching behavior. As shown in Figure 1, with an ideal
bookshelf layer structure, each liquid crystal molecule rotates its spontaneous
polarization uniformly and simultaneously from the top to the bottom substrates.
At an ideal smectic layer structure, all of smectic liquid crystal molecules move
simultaneously known as Goldstone mode [39], and maximize the power of
spontaneous polarization. This movement is also reciprocal in terms of spontane-
ous polarization switching. Since the spontaneous polarization switching is com-
pletely reciprocal, there is no smectic layer structure change during the switching.
Therefore, the bookshelf smectic layer structure is supposed to provide the most
stable electro-optical switching.
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Figure1

An ideal smectic layer structure known as “bookshelf” layer. At an ideal bookshelf layer structure, all of
smectic liquid crystal molecules move simultaneously known as goldstone mode, resulting in maximizing power
of the spontaneous polarization.

3. Typical SSFLC molecular stacking geometries

Most of typical smectic layer structures with tilted smectic liquid crystals are,
however, not a bookshelf structure, but a chevron layer structure. Actual chevron
layer structure has many variations in its detail structure; however, there are two
typical chevron layer structures widely known as Chevron C1 uniform and Chevron
C2 unifrom as shown in Figures 2 and 3, respectively. In a Chevron C1 uniform layer
structure, c-directors at the upper half of the chevron layer structure and c-direc-
tors at the bottom half of the chevron structure have opposite direction, resulting in
reduction of the power of bulk spontaneous polarization as shown in Figure 2.

This situation is, however, just the initial molecular alignment structure, and

such uneven c-director structure creates some complicated electro-optic switch-
ing behavior. In a Chevron C1 structure, at the kink area where the two opposite
chevron leaning angles meet together, two different directions of c-directors have
conflict to rotate their direction under the externally applied electric field. Actual
dynamics of the kink area’s conflict is not easy to clarify, specifically when time
resolved local kink area’s chevron layer structure change requires nano-scale layer
analysis. Some local smectic layer structure analysis has been published using soft
X-ray (Synchrotron Radiation) beam [40, 41]. Even using soft X-ray beam, it is
still not easy to clarify sub-milliseconds dynamic response of local layer structure.
Therefore, until new time resolved local smectic layer structure analysis methodol-
ogy is developed, most of practical means to estimate influence of c-director pack-
ing on electro-optic switching behavior would be an optical measurement at visible
wavelength including in-plane and out-of-plane retardation measurement.

At a Chevron C2 uniform geometry shown in Figure 3, the kink area’s c-directors
have almost the same direction, but not really the same direction unlike those of
a bookshelf layer structure. Even such kink area’s c-director conflict is not easy to
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Figure 2

c-Director packing geometry of a Chevron C1 uniform layer structure. Due to opposite c-director divections
from the top substrate and from the bottom substrate, at the center arvea known as “kink” area, two opposite
divections of c-directors have conflict of their packing. Such c-dirvector packing conflict is also problematic when
externally applied electric field induces c-divector packing change.
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Figure 3

c-Director packing geometry of a Chevron C2 uniform layer structuve. Unlike C1 uniform configuration, at
the kink area, c-director’s divections both from the upper and the bottom substrates have nearly same divection.
This is effective to minimize conflict in c-director packing while molecular switching is in process by an
externally applied electric field.

minimize, C2 structure’s kink area’s conflict is less competitive than at C1 structure.
A kink area’s c-director conflict is sometimes making even irreversible smectic layer
structure change. There are many published reports on smectic layer instabilities,
most of them are about rotation of smectic layer itself which is a large scale of layer
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structure change [42-46]. This investigation’ interest is, however, some local areas’
layer structure distortion, and its consecutive electro-optic response behavior.
As discussed above, such local area’s smectic layer structure change is not easy to
retrieve directly. One of the practical means to estimate if there is an irreversible or
non-reciprocal local smectic layer structure change would be electro-optic response
change, specifically a ratio between in-plane/out-of-plane retardation change as
discussed later in this chapter. As a realistic choice of smectic layer structure, most
of practical approaches using ferroelectric liquid crystals are using Chevron C2
uniform configuration. Thanks to overall same direction of c-directors both from
the upper and the lower substrates directions, at the kink area, a minimum conflict
in c-director packing geometry is reasonably expected. This minimum c-directors
conflict at the kink area would be able to avoid irreversible or non-reciprocal
smectic layer structure change as illustrated in Figure 4.

Depending on the kink area’s influence, mainly size wise as how many numbers
of liquid crystal molecules are restricted by the kink effect at the center portion
of the panel, reciprocal and non-reciprocal layer structure change provides some
significantly different optical effect. In an actual SSFLC device case, not only smectic
layer structure, but also depolarization effect should be in consideration, though
[47]. The depolarization effect is the result of dielectric relaxation or rearrangement
by polarization switching. In addition to a typical dielectric relaxation of dielectric
materials, switch of spontaneous polarization creates a large amount of charge
transfer, and the transferred charges remain in the panel at least for a while due to
the nature of spontaneous polarization (with absence of externally applied electric
field, spontaneous polarization still keeps internal electric field in the SSFLC panel),
resulting in formation of depolarization effect. Such depolarization works as weaken-
ing of externally applied electric filed, when next time an externally electric field is
applied. This weakening effect of the applied electric field requires very complicated
driving voltage control. It is about transient charge transfer including liquid crystal’s

\, Spontaneaus
m— \ polarization,

A electric
\field

/' Smectic /
layer

Figure 4

A non-reciprocal smectic layer switching of Chevron C1 uniform structure. Due to significant conflict in
c-director packing at the kink area, repeating driving sometimes provides irreversible c-director packing after
removing driving voltage. This vesults in instable electro-optic switching.
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own charge mobility, liquid crystal-surface alignment layer interface potential barrier,
and electrode-alignment layer potential barrier, and so on. These charge transfer
matters are common with nematic liquid crystal devices; however, more complicated
situation at SSFLCDs is their polarity sensitive behavior. Dielectric anisotropy based
driving torque does not tell the difference of polarity, resulting in much more room
for the surface charge influence. On the other hand, spontaneous polarization based
driving torque tells the difference in polarity, resulting in bias voltage effect, if
internal polarization has asymmetric structure in terms of polarity.

4. Polarization shielded smectic liquid crystals

As previous works clarified [42, 47], depolarization effect is one of the most
influential factors to destabilize spontaneous polarization switching, which disturbs
SSFLC cells memory effect accompanied with the cell’s internal depolarization struc-
ture. At a typical SSFLC cell, due to existence of permanent spontaneous polarization,
regardless absence of externally applied electric field, the SSFLC cell forms internal
polarization structure. Once externally electric field is applied, most of liquid crystal
molecules change their orientation making total spontaneous polarization direction
along with the applied electric field. In this process, due to spontaneous polarization
switching, the cell internal dielectric materials which are the ferroelectric liquid crys-
tal layer and its alignment layer try to neutralize polarization. This process is known
as depolarization process. Such depolarization process is, however, ends up weaken-
ing total spontaneous polarization structure in the cell. This is the major reason why
the memory effect of an SSFLC cell is destabilized [42, 47].

Through the investigation of SSFLC molecular switching in terms of both the
smectic layer and surface accumulated charges influence, the authors group pro-
posed and showed some new approach minimizing influence of surface accumu-
lated charges as well as layer structure influence on molecular orientation change.
The concept of this new approach was to minimize spontaneous polarization keep-
ing the basic response of an SSFLC cell. According to this concept, such a modified
SSFLC driving mode is called as polarization shielded smectic (PSS) liquid crystal
mode [48-50]. Although it was not clear of the reason, in the course of the PSS-LCD
investigations, it turned out that some of PSS-LC cells showed a quasi-bookshelf
layer structure. One of the reasonable assumptions of the bookshelf layer structure
of the PSS-LC cell was very small spontaneous polarization, and its consecutive
small depolarization effect. Major component of the PSS-LC chemical formula
is shown in Figure 5. They have Naphthalene-ring core structure connected by
carbonyl polar portion as the common structure [51-53].

Using the same smectic liquid crystal mixture shown in Figure 5, polymer
assisted ferroelectric liquid crystal response phenomenon was investigated how the
bookshelf layer structured small spontaneous polarization liquid crystal molecules
show any specific electro-optic response, specifically its retardation switching
behavior using polymer assisted ferroelectric liquid crystal configuration [54-56].
The detail of this empirical result is published [57]. Figure 6 shows the result.

In Figure 6, A is in-plane retardation angle, and ¥ is out-of-plane retardation
angle. The significant difference in retardation angle change behavior between
A and ¥ with doped oligomer amount strongly suggests some enhancement and
suppression effects in polarization switching behavior. With relatively small doping
ratio such as 5 mol%, in-plane retardation (A) shows significant increase. On the
other hand, out-of-plane retardation shows opposite tendency. These two retarda-
tion switching behavior suggests possible suppression of out-of-plane retardation
change keeping in-plane retardation change large enough.
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Figure 6
In-plane (A) and out-of-plane (‘P) retardation change depending on doping rate of photoreactive oligomer
with the bookshelf layer structure fervoelectric liquid crystal panels.

5. Possibility of active suppression of out-of-plane retardation change

Above experimentally clarified possible suppression of out-of-plane retardation
switching in chiral smectic C phase liquid crystal panel may naturally lead possible
completely in-plane only retardation switching without showing any out-of-plane
retardation switching. If it happens, molecular switching behavior does not fol-
low half circle cone edge anymore like a typical SSFLCD’s case, and liquid crystal
molecules swing in the same plane where the liquid crystal molecules’ initial align-
ment plane. For this specific purpose to investigate possible in-plane only molecular
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swing movement behavior, new smectic C phase liquid crystal mixture was formu-
lated. Figure 7 shows main component of the smectic C phase (non-chiral) liquid
crystal mixture. This mixture does not contain any chiral materials, resulting in
non-Chiral mixture showing smectic C phase at room temperature as a bulk liquid
crystal. With this mixture, if the mixture shows artificial smectic A like alignment,
which means no molecular tilt to the smectic layer normal, was investigated using
RN-1199 mechanical buffed alignment layer and 2.4-2.6 pm gap panels. The texture
at the extinction angle with the crossed Nicole set polarized microscope photo is
shown in Figure 8. This photo was taken with 2.4 pm gap panel. The prepared liquid
crystal mixture showed smectic C phase at over 32°C, and it kept smectic C phase at
most 47°C. Over the smectic C phase in temperature, the mixture showed smectic A
phase. The Figure 8 texture photo was taken at 35°C elevated temperature from the
room temperature. At 35°C, the obtained uniform liquid crystal molecular align-
ment gives over 4000:1 static contrast ratio using coherent 514 nm diode laser opti-
cal system with crossed Nicole configuration that would be good enough for most of
application (refer Figure 15). Since the series of investigation is under the premise
of applying electro-optic devices such as display devices and phase modulation
devices, not only large area’s uniform molecular alignment, but also very tiny area’s
pixel to pixel uniformity with its unit size of few tens of microns square are required
with static contrast ratio of over 3000:1 for a consideration of application.

As shown in the texture in Figure 8, this liquid crystal panel shows smectic A
like texture at smectic C phase temperature as a bulk liquid crystal. It also showed
electro-optic response above 32°C, however, below 32°C, and over 47°C temperature,
the liquid crystal panel did not show any electro-optic response. The extinction angle
of the liquid crystal panel at 35°C was slightly shifted from mechanical buffed angle.
However, such slight angle shift from mechanical buffing direction is not unique
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Figure 8
A texture of artificial smectic A liquid crystal panel using smectic C phase mixture as a bulk state. This panel
uses RN-1199 mechanical buffed alignment layer with panel gap of 2.4 um.

with this particular case, and sometimes an alignment layer gives relatively large
retardation as the alignment layer itself shows an angle shift between liquid crystal
panel’s extinction angle and mechanical buffing direction. The shifting angle around
3-4° was not the same with that at smectic A phase of the panel. At the smectic A
phase temperature, the panel shows ~1 to 2° shift at the extinction angle. The shifting
angle direction was same both at the smectic A and artificial smectic A phase. This
mixture has nematic phase above smectic A phase, however, its temperature range
was very narrow such as less than 2°, and it was not easy to confirm its extinction
angle with accurate enough measurement. Using these panels with elevated tem-
perature at 35°C, if the smectic A like aligned panel shows in-plane only retardation
switching was measured. For in-plane only retardation change confirmation, two
different electro-optical measurements were compared. As illustrated in Figure 9,
crossed Nicole linear polarizers measurement and crossed Nicole with quarter wave
plates measurement were investigated. The crossed Nicole measurement does not
distinguish in-plane and out-of-plane retardation change. Regardless in-plane only
or mix between in-plane and out-of-plane retardation change, the crossed Nicole

set up shows some electro-optical light throughput changes. On the other hand, the
crossed Nicole with quarter wave plate measurement whose incident light to a liquid
crystal panel is circularly polarized light shows some light throughput change only
with out-of-plane retardation change.

Figures 10-12 compared crossed Nicole and crossed Nicole with ¥4 lambda
plates measurements of the smectic A like initial alignment panel by changing
applied electric filed strength. Figure 10(a) was from crossed Nicole result, and
Figure 10(b) was with % lambda plates result. The applied voltage both for crossed
Nicole and with % lambda plates set-up were the same: 2 ms duration bi-polar pulse
voltage having 2 V height both for positive and negative directions. Light intensity
scale at crossed Nicole and with %4 lambda plates is different. Using circularly polar-
ized light, if the liquid crystal panel’s retardation change does include out-of-plane
retardation change, basically, the light throughput from the liquid crystal panel is
through without any light intensity modulation. In these experimental works, the
designed panel gap was 2.4 pm at 35°C. Therefore, externally applied electric field
strength is 2 V/2.4 pm-0.83 V/pm. It would be reasonable to discuss molecular

10
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Electro-optic measurement set-ups. One is using crossed Nicole linear polarizers. Linearly polarized incident
514 nm laser beam is modulated by the liquid crystal panel. The crossed Nicole set-up shows some light
intensity change either the liquid crystal panel’s retardation change including both in-plane and out-of-plane
retardation change or only in-plane retavdation change. The bottom set-up uses a pair of % lambda wave
plates, which change the incident light to circularly polarized light instead of linearly polarized light. In this
measurement set-up, if the liquid crystal panel has both in-plane and out-of-plane vetardation change, or
only out-of-plane retavdation change, the photo multiplier detects some light intensity change. If the liquid
crystal panel has only in-plane retavdation change, circularly polarized incident light does not have any
amplitude modulation, resulting in no light intensity change.
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(a) Light intensity profile with crossed. Nicole optical set-up with 2 V pulse. (b) Light intensity profile with
crossed. Nicole and Ya lambda plates set-up with 2 V pulse.

response behavior with applied electric field strength, rather than voltage. On
the other hand, at this particular molecular stacking configuration case, it is still
not clear if externally applied electric field represents effective applied electric
field. Because the expected driving torque on this particular case is still not clear,
but clear that it is not from dielectric anisotropy coupling, not from spontaneous

11
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(a) Light intensity profile with crossed. Nicole optical set-up with 3.5 V pulse. (b) Light intensity profile with
crossed. Nicole and %4 lambda plates set-up with 3.5 V pulse.

polarization. Most likely, it would be quadrupole momentum base [57, 58], and if it
is really from quadrupole momentum base, we may need to figure out what external
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Figure 12.
(a) Light intensity profile with cvossed. Nicole optical set-up with 4.5 V pulse. (b) Light intensity profile with
crossed. Nicole and Y4 lambda plates set-up with 4.5 V pulse.
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excitation is the most appropriate to discuss the influence, however, it might be too
early to conclude from current obtained empirical results, yet.

Figure 10(a) and (b) comparison clearly suggests the smectic A like initial
alignment smectic liquid crystal panel has almost in-plane only retardation change.
Following Figures 11 and 12 show some influence of further increase in applied
voltage on the in-plane/out-of-plane retardation change.

With increase in applied voltage, Figure 11(b) shows no-complete flat light
intensity profile, but shows some change at each applied pulse voltage edge. This
change strongly indicates some involvement of out-of-plane retardation change.
Further higher applied voltage shows some interesting amplitude modulation
profile as shown in Figure 12(a) and (b). Figure 12(a) and (b) show the light
intensity profiles both at crossed Nicole and with %4 lambda plates set-up results
with 4.5 V pulse voltage, respectively. Unlike lower applied voltage cases, 4.5 V volt-
age gave at least two-step wise light intensity profile at Figure 12(a): crossed Nicole
set-up case. The measured liquid crystal panel has 2.4 pm gap between two counter
transparent electrodes gap. Therefore, applied electric field strength at 4.5 V would
be ca. 1.88 x 10° V/m. From typical liquid crystal device point of view, this level
of electric field is somehow typical strength. Therefore, it is reasonably assumed
that there was no particular electric field discharge influence on these measure-
ments. A comparison between Figures 11(a) and 12(a) also suggests possible
over 45° molecular optical axis rotation under the premise of almost in-plane only
retardation change. Figure 11(a) clearly shows saturated light intensity during 2 ms
pulse voltage application. On the other hand, Figure 12(a) shows decrease in light
intensity after the light intensity reached at the peak light after the pulse voltage was
applied, also shows slower light intensity decay after the pulse voltage is removed.
The light intensity decrease during the pulse voltage application suggests over 45°
liquid crystal molecular axis rotation under the premise of almost only in-plane
retardation change.

Since the measurement set-up used cross Nicole, if birefringence optical
medium changes its optical axis over 45°, light intensity should be decreased.

Slower light intensity decrease right after the applied pulse voltage is removed
also supports possible over 45° molecular optical axis rotation. It is reasonably
assumed that during pulse voltage application, molecular optical axis rotates over
45°, and right after the pulse voltage is removed, the liquid crystal molecular axis
continuously comes back to the original position which gives the light extinction. If
this view is correct, apparent two-step wise light intensity change is not really two-
step, but monotonical decrease in light intensity along with liquid crystal optical
axis rotation from over 45° to heading to 0°. For further detail investigation whether
really the smectic liquid crystal optical axis rotates over 45°, slightly different
formulated smectic liquid crystal mixtures were prepared showing more uniform
initial molecular alignment. Using the newly formulated smectic liquid crystal
mixtures, if really the optical axis rotates over 45° was investigated. Figure 13 is the
result of this investigation.

Figure 13 strongly indicates over 45° optical axis rotation under the premise of
almost in-plane only retardation change. In Figure 13, at 4 V pulse voltage applica-
tion, the reached light intensity is close to the light intensity given by the parallel
Nicole configuration. This suggests that the optical axis at 4 V pulse voltage applica-
tion gave almost 45° rotation from the initial extinction angle (0°). At 8 V pulse
voltage, during 1 ms pulse voltage application duration, the light intensity shows
decrease right after it reached the maximum. Also right after the pulse voltage is
removed, the light intensity showed sharp increase, then decrease continuously.
This light intensity change profile is reasonably interpreted as over 45° rotation.
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Figure 13

Light intensity profiles depending on applied electric field strength using the crossed Nicole optical set-up with 1 ms
pulse voltage. Up to 4 V pulse voltage, light intensity gives almost maximum intensity. 8 V pulse voltage gives “bump’
in light intensity during pulse voltage application, which strongly indicates over 45° optical axis votation. Further
increase in pulse voltage such as 15 V even gave lower veachable light intensity during pulse voltage application. This
also indicates over 45° rotation under the premise of almost in-plane only vetardation change.

>

Only in-plane
retardation switching

SSD (Smectic Single Domain)
Liquid Crystal Alignment

Figure 14

An overall concept of smectic single domain (SSD) liquid crystal molecular switching behavior. At the initial
molecular alignment configuration, all of smectic liquid crystal molecules align uniformly forming like “liquid
crystal wall”. When downward voltage is applied to the liquid crystal panel, the “liquid crystal wall” rotates
clockwise divection. When upward voltage is applied, the “liquid crystal wall” rotates counter-clockwise
direction.
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With further increase in applied voltage such as 15 V, the apparent reachable light
intensity is even decreased. This is possibly due to photo detector’s sampling time
issue. It is still required more detail investigation to conclude in-plane only retarda-
tion switching with this particular smectic liquid crystal cases, as a general under-
standing with above investigations, an overall liquid crystal molecular behavior is
illustrated in Figure 14.

Although some detail is still missing, as an overall concept for the smectic single
domain (SSD) liquid crystal molecular switching behavior may be reasonable.
However, there is one big question here. The question is “Is it possible to rotate over
45 degrees” in a smectic layer structure? As of today, this question has no rational
answer yet. As discussed above, to give a rational answer to the question, it would
be required intense local smectic layer structure analysis, specifically some dynamic
layer structure change. Therefore, at this moment, only some speculation is given
here. All of the speculation should be subjected to be verified with reasonable
enough both empirical and theoretical evidences, though.

6. Necessity of further investigations

As discussed above, whether over 45° optical axis rotation is really happen-
ing or not is based on all assumption based on some indirect empirical results.
Although they are all assumptions, there are some suggestive empirical results.
Figure 15 shows light leakage amount depending on applied pulse voltage strength
at Figure 9
type of crossed Nicole optical set-up measurement. As shown in Figure 10, when
applied pulse voltage is relatively low such as 2 V for 2.4 pm gap, during zero
voltage application time duration, the SSD-LC panel shows very low light leak-
age, which means most of liquid crystal molecular optical axis stays at the initial
extinction position. However, when applied pulse voltage increased over ca. 4.5V,

60000

The maximum light throughput
at10 V: 1.3V (1,300,000 V) o+

-"
had
50000 )
.!
..
.’m
."D.
40000 =
L
..'.
.Q
L]
30000 .

20000

Light leakage level at 0 V time period (uV)

10000

P The maximum light throughput
. at4 Vi 1.06 V (1,060,000 uV)

-‘M..m'n'mn'.‘.w...‘.
0 2 4 6 8 10 12
Applied bi-polar pulse voltage (V)

0

Figure 15

Light leakage level during zevo-voltage application depending on pulse voltage strength of the SSD-LC panel.
Up to ca. 4.5 V, light leakage level is very low, and over 4.5 V, light leakage shows significant increase by voltage
increase. This pulse voltage dependence of light leakage level strongly suggests some influence on the initial
liquid crystal optical axis position change.

15



Liquid Crystals

suddenly the light leakage level increased. This indicates that voltage application

to the SSD-LC panel induced some smectic layer structural change, resulting in no
more initial extinction position at zero voltage duration. It looks like dependent

on SSD-LC mixtures; some mixtures did not show reversible measurement result.
This means that once over ca. 6 V pulse voltage was applied to 2.4 pm gap, the
SSD-LC panel never showed the original very low light leakage. Some SSD-LC
mixtures, however, showed reversible light leakage phenomenon even after higher
voltage was applied. There are some potentially relevant research works to give
some reasonable interpretation to above empirical results. One is very local smectic
layer structure change by high voltage application. lida et al. investigated local
smectic layer structures of ferroelectric liquid crystal panels using Synchrotron
radiation beam [40]. This research works clarified existence of narrow walls in a
smectic layer structures. Such narrow walls might be possible interpretation of
Figure 15 result. Even the SSD-LC molecular optical axis stays at extinction posi-
tion normal to the smectic layer, if for some reason, the smectic layer itself changes
its structure, liquid crystal molecular optical axis is no more parallel to the incident
linear polarized light, resulting in light leakage at zero voltage application dura-
tion. The other relevant possibility is giant-block twist grain boundary reported by
Fernsler et al. [59] This possibility might be, however, relatively small, or righter in
the SSD-LC case. Since most of SSD-LC panels, the initial alignment textures are
quite clean, and there is no particular microscope level of visible size of defects.
However, it might be possible having much smaller size of grain boundary struc-
ture than visible wavelength size.

A narrow wall and possible local twisted boundary effects might be fairly
possible interpretation to understand Figure 15 results. Moreover, why over 45° of
SSD-LC molecular swing in the same orientation plane is possible with significant
layer spacing shrink (if it really shrinks, though) is the question. It would be more
intense research works not only local, but relatively large scale structures, but also
much larger area of continuous theory deal might be necessary [60-63].

7. Concluding remarks

Smectic liquid crystals have been somewhat difficult to obtain clean molecular
alignment for display and phase modulation devices purpose level of high static
contrast ratio such as over 3000:1, and this difficulty would be one of the major
reasons preventing from practical applications. The difficulty in uniform and clean
molecular alignment might be mainly due to existence of smectic layer structure.
Required well enough balance between healthy construction of smectic layer struc-
ture and surface anchoring needs somewhat tricky technique. However, at least
in a certain type of smectic liquid crystals case, an initial liquid crystal molecular
alignment is already equivalent from those of most of nematic liquid crystals.

Still some specific difficulty remains that are not necessary to consider at most of
nematic liquid crystal cases. Even if the initial liquid crystal molecular alignment is
perfect, the remaining difficulty is if the initially obtained alignment is preserved
by driving with externally applied electric field. One of the practical means to get
rid of instability of smectic layer and molecular alignment has been clarified to use
non-spontaneous, non-anisotropy of dielectric constant base driving torque. At
this moment, however, it is not clear yet what is the real driving torque of SSD-LC
cells except for some reasonable assumption of quadrupole momentum base. This
remaining difficulty still needs further investigation. Regardless required further
detail investigation, this series of investigations clarified possible in-plane only
retardation switching. Moreover, such an in-plane only retardation switching also
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indicates over 45° molecular optical axis rotation. In-plane only retardation switch-
ing with over 45° swing angles would provide q liquid crystal device new applica-
tion field. Under the premise of smectic layer restriction, it would be required to
give a reasonable interpretation why over 45° rotation is allowed.

This series of investigation may open both practical application opportunity of
some smectic liquid crystal devices, specifically for fast response (~200 ps) in-plane
only retardation switching devices, and fundamental research necessity to clarify
nature of such smectic layer structures.

Author details

Akihiro Mochizuki
i-CORE Technology, LLC, USA

Address all correspondence to: akihiros@i-coretechnology.com

IntechOpen

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

17



Liquid Crystals

References

[1] Matsuda T, Nasuno T, Saito

S. Occurrence condition of bistability
in BTN-LCDs and a possibility of
displaying gray scales. Digest of
Technical Papers, AM-LCD 98, LC p-3.
1998. pp. 129-132

[2] Kizu Y. Simulation of dynamic
motion of inversion wall in TN-LCD cell
with three-dimensional flow profile.
Digest of Technical Papers, AM-LCD 98,
LC p-4. 1998. pp. 133-136

[3] Ikeno H, Oh-saki A, Nitta M,

Ozaki N, Yokoyama Y, Nakaya K, et al.
Electrooptic bistabilityof a ferroelectric
liquid crystal device prepared using
polyimide Langmuir-Blodgett
orientation films. Japanese Journal of
Applied Physics. 1989;27:1116-L119

[4] Yang KH, Chieu TC. Dominant
factors influence the bistability of
surface-stabilized ferroelectric liquid

crystal devices. Japanese Journal of
Applied Physics. 1989;28:11599-1L1602

[5] Ono K, Nakanowatari J. A method
for the determination of the internal
electric field of ion-doped ferroelectric
liquid crystals. Japanese Journal of
Applied Physics. 1991;30:12832-1.2838

[6] Mochizuki A, Yoshihara T, Yoneda Y,
Motoyoshi K, Kobayashi S. Elimination
of crosstalk in highly multiplexed
STN-LCDs by using conductive
orientation films. Proceedings of the
SID. 1990;31/4:327-332

[7] Seitz T, Stelzer J, Trebin

H-R. Switching of surface-stabilized
ferroelectric liquid crystal cells by
motion of defects. Journal of Applied

Physics. 1996;80(3):1381-1389

[8] Saishu T, Takatoh K, Lida R, Nagata
H, Mori Y. Voltage-holding properties
of thresholdless antiferroelectric liquid
crystals driven by active matrices.

18

In: SID (Symposium for Information
Display) 96 Digest. 1996. pp. 703-706

[9] Patel JS. Ferroelectric liquid crystal
modulator using twisted smectic
structure. Applied Physics Letters.
1992;60(3):280-282

[10] Mochizuki A, Yoshihara T,
Motoyoshi K, Kobayashi S. An electrica
bilayer model of the transient current
in a nematic liquid crystal cell.
Japanese Journal of Applied Physics.
1990;29:1.322-1.325

[11] Mochizuki A, Motoyoshi K,
Kobayashi S. A ferroelectric layer in

a cell containing a polar molecular
mixture in nematic and isotropic phases.
Japanese Journal of Applied Physics.
1990;29(10):L1898-L1900

[12] Mochizuki A, Makino T, Shiroto
H, Kiyota Y, Yoshihara T. Threshold
properties of SSFLC in terms of
polarization structure. Molecular
Crystals and Liquid Crystals.
1997;303:391-401

[13] Mochizuki A, Sotoyama W, Tatsuura
S, Ishitsuka T, Motoyoshi K, Kobayashi
S. Second-harmonic generation

from an interfacial layer between
orientation films and liquid crystal
layers of nematic liquid crystal cell.
Japanese Journal of Applied Physics.
1991;30(3B):L504-L506

[14] Clark NA, Lagerwall

ST. Submicrosecond bistable
electro-optic switching in liquid
crystals. Applied Physics Letters.
1980;36:899-901

[15] Yamamoto J, Yamashita M,

Inaba R, Takamoto K, TakanishiY,
Sakatsuji W, et al. Principle and design
for the slippery interface. In: 27th
ILCC (International Liquid Crystal
Conference). Vol. 2-B1-15. 2018



In-Plane Retardation Switching Behavior at Certain Types of Smectic Liquid Crystals

DOI: http://dx.doi.org/10.5772/intechopen.81276

[16] Bryan-Brown GP, Wood EL, Sage
IC. Weak surface anchoring of liquid
crystals. Nature. 1999;399:338-340

[17] Garoff S, Meyer RB. Electroclinic
effect at the A-C phase change in a chiral
smectic liquid crystal. Physical Review
Letters. 1977;38:848-851

[18] Meyer RB, Pelcovits
RA. Electroclinic effect and modulated

phases in smectic liquid crystals. Physics
Review. 2002;65:061704-1-061704-7

[19] Selinger JV, Collings PJ,
Shashidhar R. Field-dependent tilt
and birefringence of electroclinic
liquid crystals: Theory and
experiment. Physical Review E.
2001;64:061705-1-061705-5

[20] Langer SA, Sethna JP. Textures in
a chiral smectic liquid-crystal film.
Physical Review A. 1986;34:5035-5046

[21] Hinshaw GA, Petschek RG,

Pelcovits RA. Modulated phases in thin
ferroelectric liquid-crystal film. Physical
Review Letters. 1988;60:1864-1867

[22] Hinshaw GA, Petschek
RG. Transitions and modulated phases

in chiral tilted smectic liquid crystals.
Physical Review A. 1989;39:5914-5926

[23] Gorecka E, Glogarova M, Lejoek L,
Sverenyak H. Periodic in-layer director
modulations responsible for the stripe
texture formation in chiral smectic-C
phase. Physical Review Letters.
1995;75:4047-4050

[24] Matkin LS, Watson SJ, Gleeson

HF, Pindak R, Pitney ], Barois P, et al.
Resonant X-ray scattering study of

the antiferroelectric and ferroelectric
phases in liquid crystal devices. Physics
Review. 2001;E64:021705-1-021705-5

[25] Matkin LS, Gleeson HF, Mach P, Huang

CC, PindakR, Srajer G, et al. Resonant
X-ray scattering at the Se edge in liquid

19

crystal free-standing films and devices.
Applied Physics Letters. 2000;76:1863-1865

[26] Crandll KA, Tripathi S, Rosenblatt
C. Surface-mediated electroclinic
effect in a chiral nematic liquid
crystal. Physical Review A: Rapid
Communications. 1992;46:R715-R718

[27] Gregory ZL, Lisi AD, Petschek
RG, Rosenblatt C. Nematic

electroclinic effect. Physical Review A.
1990;41:1997-2004

[28] de Vries A, Ekachai A, Spielberg
N. Why the molecules are tilted in all
smectic A phases, and how the layer
thickness can be used to measure
orientational disorder. Molecular
Crystals and Liquid Crystals.
1979;49:143-152

[29] Clark NA, Bellini T, Shao RF,
Coleman D, Bardon S, Link DR, et al.
Electro-optic characteristics of de vries
tilted smectic liquid crystals: Analog
behavior in the smectic A* and smectic
C* phases. Applied Physics Letters.
2002;80:4097-4099

[30] Saunders K. de Vries behavior
of the electroclinic effect in the
smectic-A* phase near a biaxiality-
induced smectic-A*—smectic-C*
tricritical point. Physical Review.
2009;E80:011703-1-011703-16

[31] Lagerwall JPE, Giesselmann

F, Radcliffe MD. Optical and x-ray
evidence of the “de Vries” Sm-A*~Sm-C*
transition in a non-layer-shrinkage
ferroelectric liquid crystal with very
weak interlayer tilt correlation. Physics
Review. 2002;E66:031703-1-031703-10

[32] Manna U, Song JK, Panarin

YP, Fukuda A, Vij JK. Electro-optic
and dielectric study of the de Vries-
type smectic-A" phase exhibiting
transitions to smectic-CA* and

smectic-C* phases. Physics Review.
2008;E77:041707-1-041707-11



Liquid Crystals

[33] Hayashi N, Kocot A, Lineham

M]J, Fukuda A, Vij JK, Heppke G,

et al. Experimental demonstration,
using polarized Raman and infrared
spectroscopy, that both conventional
and de Vries smectic-A phases may exist
in smectic liquid crystals with a first-

order-A-C* transition. Physics Review.
2006;E74:051706-1-051706-11

[34] Oton JM, Quintana X, Castillo
PL, Lara A, Urruchi V, Bennis
N. Antiferroelectric liquid crystal

displays. Opto-Electronics Review.
2004;12(3):263-269

[35] Coleman DA. Polarization-
modulated smectic liquid crystal phases.
Science. 2003;301:1204-1205

[36] O’Callaghan MJ. Switching
dynamics and surface forces in
thresholdless ‘V-shaped’ switching
ferroelectric liquid crystals. Physical
Review E. 2003;67:011710

[37] Yoshida T, Tanaka T, Ogura

J, Wakai H, Aoki H. A full-color
thresholdless antiferroelectric LCD
exhibiting wide viewing angle with fast
response time. In: SID’97 International
Symposium Digest. SID (Symposium
for Information Display). Vol. 28. 1997.
pp. 841-844

[38] Nishiyama I. Antiferroelectric liquid
crystals. Advanced Materials. 1994.
DOI: 10.1002/adma.19940061215

[39] Gouda F, Skarp K, Lagerwall
ST. Dielectric studies of the soft mode
and goldstone mode in ferroelectric

liquid crystals. Ferroelectrics.
1991;113:165-206

[40] lida A, Noma T, Miyata

H. Characterization of the local layer
structure of a narrow wall in a surface
stabilized ferroelectric liquid crystal
using synchrotron X-ray micro-
diffraction. Japanese Journal of Applied
Physics. 2001;40:1345-1351

20

[41] Reiker TP, Clark NA, Smith

GS, Parmer DS, Sirota EB, Safinya

CR. Chevron local layer structure in
smectic surface-stabilized ferroelectric
smectic-C cells. Physical Review Letters.

1987;59:2658-2661

[42] Clark NA, Coleman D, Maclennan
JE. Electrostatic and the electro-optic
behavior of chiral smectic C: ‘Block’
polarization screening of applied
voltage and ‘V-shaped’ switching.
Liquid Crystals. 2000;27:985-991

[43] Srajer G, Pindak R, Patel

JS. Electric-field-induced layer
reorientation in ferroelectric liquid
crystals: An X-ray study. Physical
Review A. 1990;43:5744-5748

[44] Morse AS, Gleeson HF, Cummings
S. Time resolved X-ray diffraction
studies of electric field induced layer
motion in a chevron geometry smectic
A liquid crystal device. Liquid Crystals.
1997;23:717-722

[45] Dierking I, Mitov M, Osipov
MA. Smectic layer instabilities in
liquid crystals. The Royal Society
of Chemistry, Soft matter, Review.
2015;10:1039

[46] Terada M, Yamada S, Katagiri
K, Yoshihara S, Kanbe J. Static and
dynamic properties of chevron
uniform FLC. Ferroelectrics.
1993;149:283-294

[47] Hartmann WJAM. Charge-
controlled phenomena in the surface-
stabilized ferroelectric liquid crystal

structure. Journal of Applied Physics.
1989;66(3):1132-1136

[48] Mochizuki A. An introduction to
PSS-LCDs: A fast-optical-response
smectic LCD. Journal of the SID.
2006;14(6):1-6

[49] Mochizuki A. Fundamental
performance of PSS-LCDs. In:



In-Plane Retardation Switching Behavior at Certain Types of Smectic Liquid Crystals

DOI: http://dx.doi.org/10.5772/intechopen.81276

Proceedings of 13th IDW (International
Display Workshop). 2008. pp. 1547-1550

[50] Mochizuki A. A fast response
smectic LCD using induced
polarization. Journal of Information
Display. 2005;6(3):6-11

[51] US Patent No. USP. Federal
Government of the United States of
America. 5, 169,556

[52] US Patent No. USP. 5,348,685

[53] Takanishi Y, OuchiY, Takezoe H,
Fukuda A, Mochizuki A, Nakatsuka
M. Spontaneous formation of
quasi-bookshelf layer structure in
new ferroelectric liquid crystals
derived from a naphthalene ring.
Japanese Journal of Applied Physics.
1990;29:1984-1.986

[54] Kataoka S, Taniguchi Y, limura

Y, Kobayashi S, Hasebe H, Takatsu

H. Liquid crystalline polymer
stabilized FLCDs with conventional
rubbed films or photo alignment films
of poly (vinyl cinnamate). Molecular
Crystals and Liquid Crystals.
1997;292:333-343

[55] Fujisawa T, Nishiyama I, Katsusaka
K, Kobayashi S. Field sequential full
color LCDs using polymer stabilized
V-shaped ferroelectric liquid crystal.
Ferroelectric. 2008;363:78-85

[56] Kikuchi H, Yokota M, Hisakado'Y,
Yang H, Kajiyama T. Polymer-stabilized
liquid crystal blue phases. Nature
Materials. 2002;1:64-68

[57] Mochizuki A. Molecular tilting
effect on smectic liquid crystal sub-
phase stability from its retardation
switching behavior. Journal of
Molecular Liquids (in print). 2018. DOL:
10.1016-2017.12.117 0167-7322

21

[58] Mochizuki A. In-plane only
retardation switching by certain
type of smectic liquid crystal
panels. Proceedings of SPIE.
2018;10555:1055517-1-1055517-9

[59] Fernsler ], Hough L, Shao R,
Maclennan JE, Navailles L, Brunet

M, et al. Giant-block twist grain
boundary smectic phases. Proceedings

of the National Academy of Sciences.
2005;102(40):14191-14196

[60] Carlsson T, Stewart IW, Leslie
FM. Theoretical studies of SmC liquid
crystals confined in a wedge. Liquid
Crystals. 1991;9:661-678

[61] Leslie FM, Gill SPA. Some topic
from continuum theory for SmC liquid
crystals. Ferroelectrics. 1993;148:11-24

[62] Stewart IW, Leslie FM, Nakagawa
M. Smectic liquid crystals and the
parabolic cyclides. Quarterly Journal of
Mechanics and Applied Mathematics.
1994;47:511-525

[63] McKay G, Leslie FM. A continuum
theory for smectic liquid crystals
allowing layer dilation and compression.
European Journal of Applied
Mathematics. 1997;8:273-280



