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STATIC AND DYNAMIC CHARACTERISTICS OF FIELD INDUCED
ANTIFERROELECTRIC-FERROELECTRIC PHASE TRANSITION

HIROSHI MORITAKE, KEIZO NAKAYAMA*, MASANORI OZAKI

and KATSUMI YOSHINO

Department of Electronic Engineering, Faculty of Engineering, Osaka University
2-1 Yamada-Oka, Suita, Osaka 565, JAPAN

ABSTRACT The light scattering measurement and the polarized microscopic
observation of field induced phase transition between antiferroelectric (AF) and
ferroelectric (F) phases have been performed in a uniformly aligned cell. The light
scattering is confirmed to be diffraction by the periodical change in refractive index
in the stripe domains of AF and F phases. In F — AF phase transition, the
nucleation of AF domain occurs at interfaces between liquid crystal and spacer
edges and AF domain grows away from spacers. On the other hand, in AF—F
phase transition, discrete F domains homogeneously appear and grow throughout
the cell. The rotation of smectic layer is also observed under the application of an
asymmetric voltage. This rotation is originated from the asymmetry of the polarity
reversal of the applied voltage.

INTRODUCTION

Since the discovery of antiferroelectricity in 4-(1-methylheptyloxycarbonyl) phenyl 4'-
octyloxybiphenyl-4-carboxylate (MHPOBC),! antiferroelectric liquid crystal (AFLC) has
attracted considerable attention from both fundamental and practical points of view.
From fundamental point of view, tristable switching, dielectric properties, existence of
some subphases and so on have been reported.2-6 On the other hand, from practical

point of view, some applications such as display have been proposed.”-8 In these
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applications, the field induced phase transition between antiferroelectric (AF) and
ferroelectric (F) phases has been utilized as the origin of the switching. In this paper, we
report the characteristics of field induced phase transition between AF and F phases by
means of light scattering measurement and polarized microscopic observation using
stroboscopic technique. In addition, anomalous smectic layer rotation by applying an

asymmetric voltage in the AF phase is also reported.

EXPERIMENTAL

AFL.C material used in this study was 4-(1, 1, 1-trifluoromethyl-heptyloxycarbonyl) phenyl
4'-octyloxybiphenyl-4-carboxylate (TFMHPOBC) which indicates following phase
sequence: Iso. - SmA - SmC,*.9 The sample was sandwiched between two In-Sn oxide
(ITO) coated conducting glass plates whose surfaces were not treated with any
surfactant such as polymers, which was fixed by polyethyleneterephthalate (PET) sheets
as spacers. Monodomain and multidomain cells of homogeneous alignment were used in
this study. The unidirectionally aligned monodomain was obtained by gradually growing
the smectic domain from the edge of a spacer with the assistance of thermal gradient.10
In this type cell, PET sheets as spacers were set in keeping the distance of 0.1-1 mm on
ITO electrodes and electric field was applied in whole area of the sample.

For the measurement of light scattering, a He-Ne laser (632.8 nm) was used as a
light source and no polarizers were used. The transmitted light intensity through the cell
was monitored with a photodiode. For the observation of azimuthal angle dependence of
scattered light intensity, a screen was set instead of the photodiode. The applied voltage
was modulated by a function generator (HP, 3314A or YOKOGAWA, AG-1200) and
amplified by a power amplifier (NF, 4010). The switching process of the field induced
phase transition was observed under the polarized microscope adopting the stroboscopic
technique. The direction of the molecular alignment and its quality were measured by

the polarized microscopic observation.
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RESULTS AND DISCUSSION

Light Scattering at Field Induced Phase Transition

The transmission light through the cell was scattered at the field induced phase
transition.1l The response waveforms of the transmission light intensity to applied
voltage of the triangular wave at various frequencies were measured. Figure 1 shows
three typical response waveforms of transmitted light intensity. Figure 1 shows these
response waveforms. At low frequency, two dips of the transmission intensity were
observed as shown in Figure 1(a). One appeared at negative voltage and the other
appeared at positive voltage, which correspond to the threshold voltages of F(-)— AF
and AF—F(+) phase transitions, respectively (F(-) means the ferroelectric state realized
by the application of negative voltage). As frequency increased, a new sharp dip of
transmission intensity appeared at around zero voltage in addition to two dips as shown
in Figure 1(b). This additional sharp dip is due to the transient scattering which is caused

by direct transition between two ferroelectric uniform states.1! That is, F(-)— AF phase

o]
[«

o

[o2]
(=]

! (a) 2Hz ;
L1

25ms

(b) 60Hz N \/’f
| |

ims

(c) 1000Hz

|
50us

Transmission intensity (arb.units) Voitage (V)

Time

Figure 1  Typical waveforms of the transmission light intensity to applied
voltage of triangular wave as a function of frequency ((a) 2 Hz, (b) 60 Hz
and (c) 1000 Hz) in the SmCy* phase at 5° C below the SmA - SmCy*

transition temperature.
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transition occurs just before crossing 0 V and the voltage crosses zero before F(-)— AF
transition completely finishes. In other words, the voltage crosses zero in the middle of
F(-)— AF transition. As the result, when the polarity reverses, residual F(-) state turns
into F(+) state. Finally, since the AF state must be established at low voltage, F(+) state
turns into AF state.

As frequency increased further, only one dip in transmission intensity was observed
as shown in Figure 1(c). This dip originates in the direct transition between two F
uniform states because the rate of voltage change was too rapid and the AF phase did
not appear.

The light scattering due to the field induced phase transition between the AF and F
phases is attributed to the periodical change in the refractive index in the stripe domains
of the F and AF phases along the smectic layer.# Therefore, the transmitted light should
be scattered along the layer normal direction by this field induced phase transition. When
a unidirectionally aligned cell is used in this measurement, the azimuthal angle
dependence of the scattered light should be observed. Figure 2 shows scattering image
and polarizing microphotograph at the field induced AF — F(+) phase transition. The
transmitted light indicates the azimuthal angle dependence and is scattered perpendicular
to the layer. This agrees with the light scattering due to the periodical change in the

refractive index in the stripe domains. The scattered light perpendicular to the layer has

layer normal layer normal|

- S0um -

Figure 2(a) Transmitted light pattern and (b) polarized microphotograph at
field induced AF-F phase transition using the unidirectionally aligned cell.
See Color Plate 1.
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the periodical change in brightness. This periodical change of brightness in the profile of
scattered light suggests that the transmitted light is diffracted by the periodical change in
refractive index in the stripe domains of AF and F phases. To compute the period of the
AF and F regions, Fourier transform of the profile of transmitted light in the direction
perpendicular to the layer was carried out. The result is shown in Figure 3. From this
figure, the period of the AF and F regions was estimated to be about 30 pm. It has been
confirmed that the light scattering at the field induced phase transition between AF and F

phases is due to the periodical change in the refractive index in the stripe domain.
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Figure 3  Fourier transform of the profile of transmitted light in the
direction perpendicular to the layer.

Characteristic of Field Induced Phase Transition

To investigate the characteristics of field induced phase transition to various applied
voltage waveforms, the stroboscopic observation of uniformly aligned cell at the field
induced phase transition with the polarized microscope was carried out. Figure 4 shows
a series of microphotographs at several voltages under applying triangular voltage at the
frequency of 5 Hz. As shown in Figures 4(a) and 4(b), the F— AF phase transition was
accompanied with the nucleation of the AF domains at interfaces between liquid crystal

and spacer edges, that is, the AF domains grew away from spacers. The clear domain
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Figure 4  Polarized microphotographs at F(-)— AF transition ((a) -9 V and
(b) -2 V) and AF—F(+) transition ((c) 41 V) to applied voltage of triangular
wave in frequency of S Hz.  See Color Plate II.

walls parallel to spacers moved toward the center of sample cell.

On the other hand, in the AF—F phase transition, besides the growth of F domain
from spacer edges, discrete F domains homogeneously appeared and grew throughout
the cell, as shown in Figure 4(c). The distinct domain wall parallel to spacers was not
observed.

As frequency of triangular voltage waveform increases, the F(-) — AF phase
transition occurs at low negative voltage. When the voltage crosses zero before this
transition completely finishes, the residual F(-) state turns to the F(+) state as mentioned
above. A series of microphotographs at various voltages under applying the triangular
waveform at the frequency of 20 Hz is shown in Figure 5. When the voltage increased
and reached the low negative voltage at which the phase transition occurred, the F(-)—
AF phase transition occurred as the same manner at low frequency before the voltage
crossed zero. That is, the F(-)— AF transition was accompanied with the nucleation of
the AF domains at interfaces between liquid crystal and spacer edges (Figure 5(a)). On
the other hand, when voltage crossed zero and the polarity reversed at that instant, the
polarization of the residual F(-) state (center of the cell) reversed and F(-) — F(+)

transition occurred. The F(-) — F(+) transition occurred homogeneously throughout
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Figure 5  Polarized microphotographs at F(-)—AF transition ((a) -6 V, (b)
1 V and (c) 4 V) to applied voltage of triangular wave in frequency of 20 Hz.
See Color Plate IIL

residual F{-) state (Figure 5(b)). But the AF state must be established at low voltage so
that F(+) state turned into the AF state, as shown in Figure 5(c). As is evident form this
microphotograph, the discrete AF domains appeared and grew throughout the center of
cell.

If the F(+) state is completely established, the F(+)— AF phase transition should
occur as the domain walls between F(+) and AF phase move toward the center of sample
cell. However, in the F(+) — AF phase transition, the discrete AF domains appeared
homogeneously. This suggests that F(+) state was not completely established and the
nucleation and growth of the AF domain occurs in the center of cell during the direct
F(-) — F(+) phase transition. The voitage increased further, the AF — F(+) phase
transition occurred homogeneously through the cell as the same manner at low frequency.

The observation of field induced phase transition using the stepwise voltage pulse
was carried. Figure 6 shows a series of microphotographs of F(-)— AF transition after
changing the voltage stepwise from -60 V to 0 V. As shown in Figure 6(a), the
nucleation of the AF domain occurred at interfaces between liquid crystal and spacer
edges as the same manner under applying triangular voltage. The AF domain grew along
the layer though the clear domain wall parallel to spacer was not observed. In this case,

a few discrete AF domains were also observed in the center of cell as shown in Figure
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Figure 6 Polarized microphotographs at F(-) — AF transition after
changing the voltage stepwise from -60 V to 0 V (after (a) 300 pus, (b) 600
ps and (¢) 1200 pus).  See Color Plate IV.

6(b).

At the F — AF phase transition, most of AF domain grow away from spacers
though the AF —F phase transition occurs homogeneously. To estimate the growth
velocity of AF domain along the layer, the average distance between AF-F domain wall
and the spacer was obtained from the microphotographs at F— AF transition. Figure 7
shows the ratio of this average distance to the distance between two spacers as a
function of time after changing the voltage from -60 V to 0 V (denoted as closed circles)
and under applying the triangular voltage (denoted as closed circles). In the case of
changing the voltage stepwise to 0 V, the ratio is proportional to time. This suggests
that the growth velocity of AF domain is constant under applying the constant voltage.
On the other hand, the growth velocity of AF domain under applying the triangular
voltage increases as time increases. Under applying the triangular voltage, the applied
voltage is not constant and the difference between applied voltage and threshold voltage
increases with time. Therefore, the increase of the growth velocity may be due to the

increase of differential voltage between applied and threshold voltages.
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Figure 7 The ratio of the average distance between AF-F domain wall and
the spacer to the distance between two spacers as function of time after
changing the voltage stepwise from -60 V to 0 V (denoted as closed circles)
and under applying the tnangular voltage at frequency of 5 Hz (denoted as
open circles).

Smectic Layer Rotation

The rotation of the smectic layer is observed under the application of an asymmetric
voltage.12 Figure 8 shows the rotate angle with respect to the initial alignment direction
as a function of the number of voltage pulse trains. The waveform of applied voltage
pulse used in this measurement is also shown in this figure. This waveform consists of
three time segments. Two segments are the constant voltages with negative and positive
polarities and are denoted as V. and Vs respectively. These two constants voltages
are connected with the ramp voltage whose duration is denoted as T,. The rotate angle
¢ increases with increasing the number of pulse trains N and ¢ is proportion to N below
about 25" of ¢. In this range, the smectic layer rotes homogeneously throughout the
sample and the uniformity of the alignment is maintained. However, the sample was
divided into several domains over 25° of ¢.

In this waveform of applied voltage, two asymmetries are included. One is the
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Figure 8 Rotate angle of the smectic layer with respect to the initial
alignment direction as a function of the number of voltage pulse trains and
the waveform of applied voltage pulse used in this measurement.

existence of the ramp voltage which is introduced only in the segment from Tp,_to Ty,
and the other is difference of durations of constant voltages V,,_and V. To clarify
which asymmetry contributes to the layer rotation, two types of waveforms in which one
of two asymmetries is removed from the waveform were applied. When the step-wise
voltage pulse was applied (removal to ramp voltage), the layer did not rotate as shown in
Figure (denoted as open circles). While, when the voltage pulse whose T, and Ty are

equal is applied (removal of difference between T, and Tp,,), the layer rotates as shown

30
20+ o« ¢
o * °
2 L . ® Tp-=Tp+=Tr=100ms
] ° Vp-=Vp+=60V
Q10|
3 . L]ﬂ
~ .
- .
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Figure 9  Rotate angle of the smectic layer as a function of the number of
voltage pulse trains using the voltage waveforms in which one of two
asymmetries is removed.
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in Figure 9 (denoted as closed circles). This result suggests that the asymmetry of
durations between the negative and positive voltages is not necessary to layer rotation.
Therefore, the uniform layer rotation must originate from the asymmetry of the polarity

reversal of the applied voltage.

‘___,.-n-’

layer normal

Figure 10 A series of photomicrographs in the measurement of rotate angle
¢ of the smectic layer when the polarity of the waveform (Tp=Tp=T=
100ms, V,=60V) was changed at 500 and 1500 cycles. (a) The initial state
before the measurement. After the application of voitage pulse of (b) 500
cycles, (c) 1000 cycles, (d) 1500 cycles and (e) 2000 cycles. See Color Plate V.
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If the polarity of the waveform of the applied pulse is inverted with respect to 0 V,
the smectic layer should rotate to the opposite direction. To confirm that the rotation of
the smectic layer is reversible, the measurement of the rotate angle ¢ as a function of N
was carried out when the polarity of the waveform of the applied pulse (T
=T=T,+=100ms) changes at 500 and 1500 cycles. Figure 10 shows a series of
microphotographs in the initial state and after the application of voltage pulses of 500,
1000, 1500 and 2000 cycles. In the initial state, focal conics and zig-zag defects were
observed as shown in Figure 10(a). But these focal conics and zig-zag defects
disappeared after the application of one voltage pulse. After the application of voltage
pulse of 500 cycles, the direction of the smectic layer uniformly rotated at about 10 * of
¢ as shown is Figure 10(b). While, after applying the voltage pulse 500 cycles in reverse
polarity (application of 1000 cycles in totality), the direction of the smectic layer returned
to initial direction (0" of ¢), as shown in Figure 10(c). Furthermore, the application of
voltage pulse of more 500 cycles in reverse polarity (application of 1500 cycles in
totality) originated the rotation at 10" of ¢ in opposite direction (Figure 10(d)), and the
application of voltage pulse of 500 cycles in initial polarity (application of 2000 cycles in

totality), the direction of the smectic layer returned to initial direction (Figure 10(e)).

15

10k

¢ (degrees)
o

!
[
'
[
!
1
1
L o : o
T
1
]
!
'
1
!
!
1
1

)
n L J i
0 500 1000 1500 2000
N
Figure 11 Rotate angle of the smectic layer as a function of the number of
voltage pulse trains using the voltage waveform (T, =T,,=T,=100ms,
Vp=60V). The polarity of the waveform is changed at 500 and 1500 cycles.
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The uniform rotation of the smectic layer to both directions is confirmed from these
figure. Figure 11 shows the rotate angle ¢ as a function of N. As shown in Figure 11,
the rotate angle ¢ is linear to N. One pulse of applied voltage rotates the layer by 0.2~

for both polarities of applied voltage pulse. It should be noted that the uniformity of the
alignment is maintained after the voltage application of 2000 cycles which causes the
layer rotation to the total angle of about 40", as shown in Figure 10(e). It is confirmed
that the rotation of smectic layer is reversible and oécurs by the exactly same rate to one

pulse of applied voltage in both polarities.

SUMMARY

The light scattering which was observed at the field induced phase transition between AF
and F phases was confirmed to be diffraction by the periodical change in refractive index
in the stripe domains of AF and F phases. The polarized microscopic observation of the
field induced phase transition under applying triangular voltage and stepwise voltage was
carried out. At F— AF phase transition, the nucleation of the AF domain occurred at
interfaces between liquid crystal and spacer edges and the AF domain grew away from
spacers. In particular, at low frequency of triangular voltage, the clear domain walls
parallel to spacer which moved toward the center of sample were observed. The growth
velocity of AF domain along the layer was depend on the voltage. On the other hand, in
the AF — F phase transition, discrete F domains homogeneously appeared and grew
throughout the cell. The rotation of smectic layer was observed under the application of
an asymmetric waveform of the voltage. This rotation was originated from the
asymmetry of the polarity reversal of the applied voltage. The direction of this rotation

was decided by the polarity of applied voltage pulse and this rotation was reversible.
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