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Electro-optical response of reflected light from freely suspended smectic
liquid-crystal films

Kazuyuki Nakano, Masanori Ozaki, ® and Katsumi Yoshino
Department of Electronic Engineering, Graduate School of Engineering, Osaka University, 2-1 Yamada-oka,
Suita, Osaka 565-0871, Japan

(Received 25 June 2002; accepted 10 September)2002

We have studied the electro-optical response of reflected light from the surface of freely suspended
liquid-crystal films(FSF$ in SmA, SmC, and Sm¢; phases. Upon application of an electric field
parallel to FSFs, the film vibrational spectrum generally contains a second-harmonic component of
the applied frequency. In the SmA phase, only a second-harmonic component appeared in the fast
Fourier transform(FFT) spectra of the reflected light. In the Sih@hase, however, many other
components also appeared in the FFT spectra of the reflected light. These complicated
characteristics observed in the ferroelectric phase might be attributed to the contribution of the
transient scattering mode. On the other hand, in the SmBase, only the second-harmonic
component appeared, similar to the case of the SmA phase. In the electric field high enough to cause
an antiferroelectric—ferroelectric phase transition, however, many other components appear in the
spectrum, in the same manner as that in the Splase. ©2002 American Institute of Physics.

[DOI: 10.1063/1.1518741

I. INTRODUCTION smectic C(SmQO phase of HOPOOB, as shown in Figa2

L ubsequently, the film was left undisturbed for several hours
The smectic liquid crystal has a layered structure an(f q Y

. . of obtain a uniform thickness of the film. The thickness of
can be used in a freely suspended geometry, the thickness fle FSF was determined by measuring the reflection spec-
which can be varied from two to several thousands of smec- N
tic layers. The freely suspended liquid crystal fi{FSH has trum of the film in the SmA phaseCS-1029 and MHPOBL

attracted considerable attention as a two-dimensiona(l)r the SmC phaséHOPOOB using a photomultichannel

S . : lyzer(PMA-11, H 12
system~*This film is not influenced by substrate potentials analyzer( . Hamamatsw?

and provides the unique possibility of studying the influence The experimental setup is presented in Figh)2For

. . . . . . xcitation of the vibration modes, alternating voltdfje&Hz)
of reduced dimensionality on various physical properties o . ;
. e g Lo o was applied across the electrodes. The light source was a
confined ordered liquid%:’ In addition, it is sensitive to the

) ) N He—Ne lasef632.8 nn. The laser beam was polarized par-
external field and can be easily deformed upon application 0(Iﬂllel to the electric fields polarization by a poFI)arizer. Thpe

g;:g:ilfseﬁf;fi:#g% i‘:‘:}ﬁ di((::%urit;r:/::s:g?:it??a?gﬁl:h thereflected laser beam from the FSF surface was detected by a
ESE. This phenomenon due to the counling of the electri{)hOtOdiOde via an aperture used as a position-sensitive de-
Y P : . ping ector. The vibration spectrum was observed as a second-
field and the mechanical stress is called the electromecharp{ . .

: : . armonic component of the applied frequency. The fast Fou-
cal effect. In previous studies on the electromechanical ef-.

! - f FF f th fl ligh
fect, a sandwich cell geometry consisting of two glass sub—rler transform (FFT) spectra of the reflected light were

strates was usetHowever, the FSF can easily change Shape[megsured by a digital phosphor oscilloscgpPS3012, Tek-
L T DA ) ronix).
by application of a small electric fiefd;'* which is optimal
geometry for measurement of the electromechanical effect.
In this article, we report the detailed characteristics of
FSF vibration and molecular dynamics excited by the elecill. RESULTS

tric field in the SmA, Sm€&, and Sm hases. . .
e et Gp Figure 3 shows FFT spectra of the reflected light upon

applying sinusoidal voltage at 1 kHz frequency in the SmA
Il. EXPERIMENT (140 °Q, SmC* (120 °Q, and SmG (100 °O phases of
o ) ] MHPOBC. The film thickness is 42 layers. As evident from

The smectic liquid crystals used in this study weregiq 3 the spectrum strongly depends on the phases, namely,
CS-1029 (Chissg, 4-1-methyl-heptyloxycarbonyl-phenyl  jy"the SmA phase, only one signal was observed at 2kHz,
4’ —octylbiphenyl-4—carboxylate  (MHPOBC)  and \yhich corresponds to a second-harmonic component of the
4-hexyloxyphenyl —4-octyloxybenzoate(HOPOOB, as  gpjied voltage. In contrast, in the Sth@hase, not only the
shown in Fig. 1. The FSF was prepared in a rectangular holgecong-harmonic but also fundamental and higher-order
(2mmx10mm) on a glass plate (30ma80mm) in the  components of the signal appear in the spectrum. In the
smectic A(SmA) phase of CS-1029 and MHPOBC or the gmc phase, fundamental and second-harmonic components
are mainly observed, which higher-order ones do not appear
dElectronic mail: ozaki@ele.eng.osaka-u.ac.jp in the FFT spectrum.
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FIG. 1. Molecular structures and phase sequences of CS-1029, MHPOBC,

and HOPOOB.

Figure 4 shows the electric field dependence of the sig-
nal intensity of each component in the FFT spectra shown in
Fig. 3. In the SmA phase, as evident from Figa)4only the
second-harmonic component is observed in the entire voltage
range and its signal intensity is proportional to the square of
electric fieldE. On the other hand, in the Sipbhase, be-
sides the second-harmonic component, fundamental and
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other higher-order components are observed. Although, in ©

the SmC phase of this material, there is a large amount of

scatter in the measured values, for a chirally doped!G.3. FFT spectra of the reflected light upon applying a sinusoidal voltage
HOPOOB, the field dependence of the signal in the $mC 2t 1 kHz frequency of MHPOBGi) SmA, (b) SmC*, and(c) SmG;, .
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phase follows the power laws corresponding to each order, as
shown in Fig. €b). In the SmG, phase, as shown in Fig.
4(c), only fundamental and second-harmonic components
are observed at a small electric field. At higher field
(>5 kV/cm), however, a third-harmonic component appears
in the same manner as in the Singhase, as shown in Fig.
4(c). This might be associated with the field-induced transi-
tion from the antiferroelectric to ferroelectric phases at about
5 kV/cm.

From these results, it is found that the higher-order com-
ponents were related to the molecular tilt and ferroelectricity.

To clarify the influence of the ferroelectricity on the
tilted smectic phase, we compared the figdthe wave, 1
kHz) dependence of the FFT spectrum of the reflected light
in the SmC phas€éHOPOOB with that in the Sm€ phase
[HOPOOB doped with a chiral molecu{&811, Mark of 5
wt % concentratioh as shown in Fig. 5. The temperature
was 45 °C in both phases. The film thicknesses are 74 and
105 layers for the SmC and Srh@ilms, respectively. Fig-
ures &a) and &b) show electric field dependences of the
optical response of each component of the FFT spectra in the
SmC and SmE€ phases, respectively. As evident from Figs.

FIG. 2. Schematic diagram of measurement of film vibration by reflected®(@ and @b), only the second-harmonic component was ob-

light.

served in the SmC phase. In contrast, fundamental and



6386

J. Appl. Phys., Vol. 92, No. 11, 1 December 2002

Nakano, Ozaki, and Yoshino

100 — = S 500
© Fundamenta SmA 3
= ® Second 9 400
8 S 300-
5 10 H A Fourth <3
2 S 200
g $ =
5 S 3 1001
E 1+ .. 8 0 f T T T
b4 . 0 1000 2000 3000 4000 5000
o . Frequency (Hz)
o A
0.1 o ° (@)
0.1 1 10 100 3 500
E (kV/cm) % 400
(@ € 300
2
100 & 200
o Fundamental * =
—_ ® Second s § 100
3 A Third K § o 4 ] '
2 A Fourth ' ! !
g 10r ’ 0 1000 2000 3000 4000 5000
& 5‘# Frequency (Hz)
[=%
8 o opdnA (b)
g ' U
2 & o FIG. 5. FFT spectra of the reflected light intensity upon applying a sinu-
o°‘ Aﬁﬂ% soidal voltage at 1 kHz frequency of HOPOO®) SmC, andb) SmC*.
0.1 4, ° '
’ 04 ] 10 100 In such reduced-aperture geometry, the intensity change in
' the reflected light from the FSF surface originates from three
E (kviem) mechanisms, a reflectance change, a deflection of the re-
(b) flected light beam, and scattering.
g 9
100
o Fundamental > 100
—_ ® Second m’ °
5 A Third —_ Fundamental smC
s A Fourth 3
g 10r o s ® Second ,
c o 10
9] ® 3 .
& g S
2 o) o o [ ]
"g 1F 00 ® ° @ L4
§ °et s g ' )
. A = o
0.1 L s (@] o © Oooo
0.1 1 10 100 0.1 — .
E (kV/em) 0.1 1 10 100
©) E (kV/cm)
o N (a)
FIG. 4. Electric field dependence of the signal intensity of each component
in the FFT spectra of MHPOBGQg) SmA, (b) SmC*, and(c) SmC; . 100 — -~
undamen "
R
t A Thir
. . S [ 4
higher-order components also appeared in the Siplase. 10 H_AFourh &
- i ! 3 )
From these results, it is considered that the higher-order g P
components are peculiar to the Stn@hase having ferro- g 0o o &
electricity. In other words, the multicomponents in the FFT s 1t o .° 4
spectrum in the SmCphase may be related to a molecular £ . Al
reorientation based on the reversal of spontaneous polariza- & .
i AM
tion. 0.1 ; !
0.1 1 10 100
IV. DISCUSSION E (kV/em)
A. SmA phase (b)

For the optical response mea§urement performed i_n thisiG. 6. Electric field dependence of the signal intensity of each component
study, a small aperture is placed in front of the photodiodein the FFT spectra of HOPOORg) SmC, andb) SmC".
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& 330 . . :
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Time (s) molecules moved perpendicular to the electric field.
(b) In the SmA phase, the molecules tilt with respect to the
R layer normal upon the field application, which is the so-
:j L called electroclinic effect. However, the field-induced tilt in
< 1101 the SmA phase is restricted to the plane perpendicular to the
g 109 - field, which coincides with the incident plane of the light in
§ 108 the geometry used in this study. Therefore, the refractive
= 107 - index for thes polarization does not change upon the field
.jg’_ application and no reflectance change should be observed in
o 106 T . - the SmA phase because the reflectance change should be
0.0 0.5 Tirl"eo(s) 1.5 2.0 caused by the change in refractive index in the film. When
the vibration of FSF is excited by the electric field, the re-
(© flected light beam is deflected with respect to the initial beam

FIG. 7. Optical response to the sinusoidal wave form of the applied voltag(pc’5|t|0n_Wltho_ut elec_trlc field application at Wh|Ch_ the (_:Ie-
in an open-aperture geometry of MHPOBC in the SmA phéseapplied  tected signal is the highest. If the phase of the excited vibra-

voltage, (b) s polarization, andc) p polarization. tion of the FSF is the same as that of the applied electrical
signal, the detected light intensity changes as the second-
. ) ) . harmonic of the input signal.

First, in order to clarify the origin of the second-  Figyre 8 shows the temperature dependence of the vibra-
harmonic component observed in the SmA phase, the opticgly, intensity. In this measurement, CS-102%hiss9, which
response measurement using an open-aperture geometry Wagws a simple SmASmC* phase transition and has no
also carried out. For the open-aperture geometry, no Optic%lubphase between the SmA and Smghases, was used.
response signal is observed, although a clear seconétys an increase of the vibration intensity near the phase
harmonic peak appears in the reduced-aperture geometry, ggnsition point from the SmA phase to the Stnghase was

shown in Fig. 8a). This result indicates that the optical re- opserved. This indicates that the electroclinic effect is related
sponse in the SmA phase may be attributed to the beamy the vibration in the SmA phase.

deflection of the light from the FSF surface, which originates
from the film vibration excited by the field application. Al- B. SMC* phase
though two mechanisms for the optical response, i.e., reflec-’ P
tance change and scattering, are excluded according to this In the SmC phase, the optical response of the reflected
result, the following consideration also eliminates the refleclight can be detected even in the open-aperture geometry in
tance change from the mechanism for the optical response itontrast to the case in the SmA phase. This indicates that not
the SmA phase. only the deflection but also other origins of the optical re-
Figure 7 shows the optical response to the sinusoidatponse should be taken into account, namely, the change in
wave form of the applied voltage in an open-aperture geomthe reflectance of the FSF and the scattering should be dis-
etry of MHPOBC ats and p polarization. Although the in- cussed in the interpretation of the multicomponents in the
tensity of the reflected light hardly changed when light with FFT spectrum of the reflected light. In the Sth@hase, the
s polarization was irradiated, as shown in Figb)7 the re-  transmitted light through a planar aligned sandwich cell is
flected wave form that corresponds to twice the applied frescattered immediately, after the polarity of the applied volt-
guency was observed when light with polarization was age is reversed, resulting in the transient decrease in the
irradiated, as shown in Fig.(@). It is considered that the transmission light intensity. This phenomenon is called the
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3 35 . : .
° o 0 2 30 40
Time (ms) In addition, as shown in Fig. 16), the rectangular-like wave
(b) form of the optical response is generated at high frequency.

The FFT signal of such a rectangular wave form should be
included as the odd component in the spectrum.

Figure 11 shows the optical response to the sinusoidal
wave form of the applied voltage in the open-aperture geom-

transient light scattering mod@SM) and was reported by etry of MHPOBC at 1 Hz and 1 kHz. At 1 Hz, the second-
Yoshino and Ozak}® Figures 9a) and 9b) show the re- harmonic signal of the applied voltage appears due to the
flected light change in the open-aperture geometry upon th&SM effect immediately after the polarity reversal. At 1 kHz,
polarity reversal of the applied voltage in the SmA andhowever, the wave form of the optical response is deformed
SmC* phases, respectively. In the SmA phase, no opticafnd has the same periodicity as the applied voltage, namely,
response is observed, while in the Sighase, the transient the fundamental component is observed.
decrease in the reflected light at the FSF is observed. There-
fore, even for the reflected light at the FSF, the TSM eIectro-C SMC* phase
optic effect is detectable. It should be noted that the wave™ AP
form of the optical response strongly depends on the fre- Figure 12 shows the electric field dependence of the sig-
qguency of the applied alternating electric field. nal intensity of each component in the FFT spectra in the
Figure 10 shows the TSM response to the rectangulaBmGC; phase. The inclination of the second-harmonic com-
voltage in the FSF of MHPOBC as a function of frequency.ponent due to the film vibration increases at about 50 kV/cm,
At low frequency, a clear transient light decrease can band higher-order components also begin to be observed,
observed. At higher frequency, however, the transient lighsimilarly to the Sm€ phase. Although the reason for the
scattering is not settled in the period of the polarity reversal@ppearance of the fundamental component in the small elec-
of the field. At 1 kHz, the optical response is strongly de-tric field is not clear, the fundamental component also began
formed, and the interval of the optical response become® increase at about 50 kV/cm. It is considered that the
twice the period of the polarity reversal. In other words, theantiferroelectric—ferroelectric phase transition occurred near
fundamental component of the optical response is observe&0 kV/cm.

FIG. 9. Reflected light change in the open-aperture geometry upon polarit
reversal of the applied voltage of MHPOB@) SmA and(b) SmC*.
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