PHYSICAL REVIEW E, VOLUME 65, 021710

Time-resolved infrared spectroscopic study of the switching dynamics of a surface-stabilized
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The orientation dynamics of a ferroelectric liquid crystal with a naphthalene (fh¢-3) during the
electric-field-induced switching between two surface-stabilized states was investigated by means of time-
resolved Fourier-transform infrared spectroscopy. Time-resolved infrared spectra of the planar-aligned cell of
FLC-3 were measured as a function of the polarization angle ranging from 0° to 180° under a rectangular
electric field =40 V with a 5-kHz repetition rate in the smect&* (Sm-C*) phase at 137 °C. From these
spectra details about the mutual arrangement of different molecular segments at all the delay times in the
Sm-C* phase were derived. It was found that the=O group in the core moiety exhibits a dynamical
behavior different from that in the chiral moiety during the electric-field-induced switching between the two
surface-stabilized states. The most important finding in the present study is that during the electric-field-
induced switching the FLC molecule not only rotates around the layer normal, but also revolves around its own
long axis. Furthermore, time-resolved infrared spectroscopy revealed that each group in the core moiety passes
almost simultaneously through the projection of the layer normal in the cell window during the dynamic

switching.
DOI: 10.1103/PhysReVvE.65.021710 PACS nunier61.30.Eb
INTRODUCTION dynamical switching, the molecules reorient as rigid units

and all the molecular segments reorient nearly simulta-
The basic geometry of a surface-stabilized ferroelectrimeously whereas other studies showed that the different mo-
liquid crystal (FLC) molecule can be described by a director lecular segments have different response and reorientation
n (local average of the molecular axifiat may be identified times[20-31). Our previous dynamic polarized infrared ab-
with the optical axiswe disregard the small biaxialiyand ~ sorption study has revealed that the core responds instanta-
is tilted at a certain angle away from the layer normal of then€ously on switching the electric field, while the chiral and
FLC [1-5]. The only freedom of motion is, therefore, de- achiral alkyl chains require an induction period before re-

scribed by the azimuthal variable defined in a plane perpersPonding to the electric fielc9). In spite of intensive time-

dicular to the layer normal. In recent years, infrared po|ar_resolved infrared studies on the switching dynamics of FLCs
a molecular segmental level, many basic aspects of the

ization spectroscopy and time-resolved infrared spectroscopgt ical behavior of FLCS h Cvet b larified
have proven powerful tools for the investigation of the sta- yr_}_?]rg'cir oesea\clxlfotrhg resesnt gt\iij n?s t):)eex elirr]ectr?(ral ;ﬁol.ecu—
tistical orientational conformation and the dynamical behav- purp . P yis P ;

ior of FLC moleculeg6—34]. Measurements of the polariza- lar dynam!cal orientation of the FLC Wlth a naphthalene. ring

. R . . LC-3; Fig. 1) during the electric-field-induced dynamical
tion angle dependence for the intensities of selected infrare

itching by measuring temporal absorption responses of se-
bands are very useful to explore the molecular structure an%cted infrared bands over a continuous range of polarizer
alignment of FLC molecules in the smec (Sm-C*)

- orientation. The experiments are divided into two parts; the
phase. In a previous study we have proposed a new theogyarization angle dependence of selected bands at various
for analyzing the polarization angle dependence of FLC molyelay times and the time-dependent measurements of their
ecules in the surface-stabilized ferroelectric liquid crystalapsorption intensity. By the former experiment the projection
(SSFLQ states[35]. The theory describes the relationship of the molecular long axis in a cell window can be deter-
between the intensity of selected absorption bands and th@ined for the delay times via the spatial evolution of the
polarization angle of the infrared radiation. polarization direction with an interval of 5°. Using the latter
Time-resolved vibrational spectroscopy, especially time-experiment the dynamics of the projection of the molecular
resolved infrared absorption, has been of particular usefullong axis, i.e., the polarization angle corresponding to the
ness for investigating the orientational and conformational
changes during the electric-field-induced dynamical switch-

ing of FLC in the SmE* phase. Several time-resolved in- 0 @ _Cfi,..ACH
frared studies indicated that during the electric-field-induced" “° O @ % @ c\:" " o

109°C 148°C 192°C
Crystal Sm-C* Sm-A Iso

*Author to whom correspondence should be addressed. FAX:
+81-795-65-9077; email address: ozaki@kwansei.ac.ip FIG. 1. Structure of FLC-3 and the phase transition temperature.
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FIG. 3. Peak absorbance versus the polarization angle for the
band at 1602 cm® due to the ring stretching mode of the benzene
and naphthalene rings during the dynamical switching of FLC-3 in
the SmC* phase at 137 °C at a rectangular electric field-gf0 V

FIG. 2. Schematic arrangement for the time-resolved infraredVith 5-kHz repetition rate for the delay time from 0.5 to 3@5 at
measurements. | and Il are the projections of the directions of th@n interval of 2us.
molecular long axis in the plane of the cell window for surface-
stabilized states of the ferroelectric liquid crystak= ¢(t), ¢(t) is  sition sequence of the liquid crystal molecule are shown in
the director rotation azimuth angle of the director around the cond-ig. 1. The sample cell consisted of two Baplates coated
at a delay timeg is the cone angleB,(t) is the angle between the with conducting layers of indium tin oxide and polyimide
projection of the molecular long axis and the projection of layerrubbed in one direction. The thickness between the two
normal in the plane of the cell windovyg(t) is the angle between plates was adjusted by a silicon spacer and has been deter-
the projection of the molecular long axis and the projection of themined to be 1.7«m from the interference fringe pattern. The
horizontal polarization of the incidence infrared light in the plane of cell was filled with the molten sample by capillary action,
the cell window,P is the polarization direction of an arbitrary po- heated to the isotropic phase, and then slowly cooled down
larizer setting making an angfewith the horizontal polarization of {5 g temperature in the S@* phase. Cyclic temperature
the incidence infrared ligh# parallel to the propagation direction treatment was employed to obtain a good homogeneous
of the incident infrared radiatiorX andY represent the horizontal alignment. Temperature was controlled to an accuracy of
and vertical polarizations of the propagation direction of the inCi- . 5 o5 o¢ with the aid of a METTLER FP8OHT thermocon-
?ilglrét infrared radiation, anfl is the direction of the applied electric troller. The approximate size of the domains was in the range

' of several hundred micrometers.

. . The time-resolved infrared measurements were made by
maximum and the minimum absorbances can be observed

with the delay time. By selecting specific vibrational modes use of a multichannel asynchronous time-resolving Fourier-

particularly for the core and the carbonyl groups, the timetransform infrared FT-IR) system. The details of this novel

evolution of the selected bands can be analyzed. By chan system were described in Ref87,38]. A wire grid polarizer

. . ) 2 $vas rotated about the propagation direction of the infrared
ing the polarity of the external applied electric field, the Per adiation at an interval of 5°. A rectangular electric field of

manent electric dipole will rotate by 180° to point in the +40 V and 5-KHz repetition rate was applied to the elec-
opposite direction. As a result, the molecular long axis Car}?odes of the cell from a function generatdSBONY

switch be;ween the two SSFLC st_ates. However, the dynamAFGSlo_ The gate of the multichannel system was opened
cal behavior of an FLC molecule itself has never been inves-

tigated in more detail. The results of the present study clearl v ery 2ps In the time range from 0.5 to 30/z. Thus, the
) . . . time-resolved spectra were measured from 0.5 to 8.5t
reveal the dynamical behavior of molecular reorientation, . . J
. PO . T an interval of 2us with a spectral resolution of 4 ¢rh In

during the electric-field-induced dynamical switching. It has . A LT .
order to obtain the polarization direction of the maximum
been found that the molecules not only rotate around the S ) . ; .
. . absorbance, the polarization angle is varied from 0° to 180

layer normal but also revolve around its own long axis.

The present results also show that the maximum anélt an interval of 5°. The measurement geometry is illustrated

- ; in. Fig. 2. The absorbance versus the time and polarization
minimum absorbance changes for selected infrared bands are . i

o . . -angle can be described as follows:
dependent on the polarization angle during the electric-field-

induced dynamical switching. Moreover, the polarization A= —Slothd Too(t)Sirel B— B() 1+ Ton(t) cOL
angles corresponding to the maximum- and minimum- P Grol Tpel USIMTA= AO]+ Tpal V)
absorbance variations shift to smaller values as the delay X[B—=B1) ]} +Ais(1—9) (D)
time increases.

¢

where T, and T, are the transmittances of the incident
EXPERIMENTS radlafuon whose pola_rlzafuon cmecfuons are parallel and per-
pendicular to the projection direction of the molecular long
The sample was synthesized and characterized accordiraxis in the cell window, respective\5=0 is a constant,
to the reported proceduf86]. The structure and phase tran- which represents the contribution of a perfectly uniaxial
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TABLE I. B (t) of representative infrared bands during the dynamical switching of FLC-3 in th€Siphase at 137 °C at a rectangular
electric field of =40 V with 5-kHz repetition rate for the delay time from 0.5 to 3@$ at an interval of 2us.

Bands(cm™)

Delay time(us) 1066 1095 1146 1188 1262 1273 1473 1496 1524 1602 1715 1736
0.5 110.09 103.26 108.46 108.1 108.16 107.77 108.8 110 113.02 109.93 97.14 95.48
2.5 109.58 103.27 108.31 107.56 107.82 107.48 109.12 109.89 112,53 109.75 97.4  96.09
4.5 108.8 103.27 107.66 106.84 107.28 106.7 107.75 109.02 111.38 108.98 97.36 96.1
6.5 107.8 102.01 106.9 106 106.27 105.89 106.59 108.35 110.16 107.78 97.38 96.17
8.5 107.09 101.51 105.91 105.22 105.7 105.13 106.07 107.5 109.02 106.88 96.6 95.21
10.5 105.27 100.65 104.54 103.92 104.16 103.76 101.05 105.62 108.77 105.36 96.29 95.62
125 97.15 95.05 96.89 96.81 96.83 96.62 97.21 97.45 98.32 97.21 92.85 93.12
145 80.99 84.72 81.78 82.46 82.06 82.12 87.7 80.03 79.13 80.91 86.8 88.9
16.5 74.58 80.14 76.17 76.87 76.54 76.79 76.48 74.24 72.44 7461 83.93 87.25
18.5 73.37 79.1 74.57 75.58 75.05 75.42 75.28 73.1 71.6 73.37 8281 86.53
20.5 72.92 79.03 74.26 75.08 74.71 74.93 74.44 72.34 71.75 73.11 8294 86.58
225 72.63 78.84 74.03 74.87 74.36 74.74 74.23 7211 72.05 72.63 83.52 87.03
245 72.56 78.83 74.06 74.75 74.44 74.65 73.69 72.09 70.92 7256 8221 87.2
26.5 72.46 78.47 73.64 74.66 74.35 74.65 73.96 72.69 71.63 7249 83.08 86.68
28.5 72.31 78.37 73.8 74.64 74.26 74.54 73.56 71.87 70.65 7271  82.89 86.57
30.5 72.75 77.96 73.6 74.64 71.13 74.47 73.49 71.84 70.08 72.35 83.01 86.44

phase toA;_,. Therefore, we can apply curve fitting using
Eqg. (1) by a least squares method to obtain the polarization
direction of the maximum absorbanfg5]. 006

0.04

DISCUSSION AND RESULTS .

To investigate the segmental dynamics of the FLC, time-g
resolved FT-IR spectra were measured for a series of polar3
ization angles. These spectra were measured in the 1800 -oo2
1000 cm* region over a delay time range from 0.5 to 30.5
s at an interval of Zus and for the polarization angles from
0° to 180° at an interval of 5°. From these spectra one car -oos
obtain the information about the molecular orientation in the
spatial dimension by analyzing the polarization angle depen-
dence of the absorbance. Furthermore, by analyzing the tim
dependence of the absorption maximum, one can reach th
information concerning the molecular reorientation in the
time dimension. To characterize the reorientation of the mo-
lecular segments, several representative bands are chose o
including the bands at 173@C=0 stretching in the core
moiety), 1715(C=0 stretching in the chiral moiety1602
(C=C ring stretching, 1524 (C=C ring stretching 1496
(C=C ring stretching, 1473 (CH, scissoring, 1273
(C—0—C0C), 1262 (G—0—C), 1188 (G—0—C), 1146 0o
(C—0—C), 1095 (C—0O—C in the chiral moiety, and -04
1066 cm! (C—O—C). The band assignments of these
bands were reported in R¢B5].

The plot of the absorbance for the band at 1602 tm
versus the polarization angJgat all the delay times is pre-
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sented in Fig. 3. Each symbol represents the measurement |G, 4. (a) AA(t) and(b) AA(t, ¢ versus polarization angle for
data, and the lines represent the results of the curve fittinghe band at 1602 cit during the dynamical switching of FLC -3 in
The details of the curve fitting were described in R85].  the SmC* phase at 137 °C at a rectangular electric fieldi0 V
The anglegs(t), which corresponds to the absorption maxi- with 5-kHz repetition rate for the delay time from 0.5 to 35 at
mum in the polarization angles, means the orientation proan interval of 2us.

021710-3



J. G. ZHAO, T. YOSHIHARA, H. W. SIESLER, AND Y. OZAKI PHYSICAL REVIEW B5 021710

jection direction of the molecular long axis in the cell win- AA(t, o)
dow. B(t) is obtained for all the delay times and shown in _
Table I. In the same way3(t) obtained for other selected AperSI? [ B— B(t) ]+ AparCOST B— (1) ]
bands is also shown in Table I|. Figure 3 reveals that the AperSinz[B—ﬁ(tos)]+Apaﬁ052[,3—ﬁ(to5)]’
changes of the polarization angle for the maximum and mini- ' '
mum absorbances are very small for most of the delay times, ©)
but they are significant for the delay times of 12.5 and 14.5
us. From Table |, we see tha}t the polarization angles ofyhere B(t,o) is AB(t) at the initial delay time. When
97.21° and 80.91° give the maximum absorbance at the delaya A(t,)/9 =0 and JAA(t)/d B=0, the maximum and
';lmefs of ?82(t5) a'}dt#“-'tﬁsi ’eSpfeC“Vet'yb_Tl,hezle;‘ﬁg artlg:es alreminimum of AA(t) andAA(t, ) corresponding to the polar-
ar from of the two surface-stabilize states. In o+

ization angle B(t—2 , t—2)min» t , and
this case, it can be seen from Fig. 2 that the orientation of th%(tos) ' an bi(caICI)JrIn;txed ’?ér the)ggndéa(t ‘128‘3&(}%%

H 2/min

FLC molecules at the delay times of 12.5 and 1dsimakes 51 ") 1tis noted that at each delay time, the curves of
a larger inclination than that at other delay times with respec{)oth AA(t) andAA(t, o) versus the polarization angle have

to the plane of the cell window. Consequently, the ; N )
maximum- and minimum-absorbance changes for the dela maximum and minimum and that the corresponding polar-

times at 12.5 and 14.5s are different from those for other ation angles shift to smaller values with the increase in the
delay times. These experimental results suggest that the mdf€!2y time. The decrease in the polarization angles giving the
ecules of the FLC rotate on the orbit of the cone maximum and the minimum may be ascribed to the switch-
Figures 4a) and 4b) plot the absorbance Chaﬁge versusNg motion of the FLC molecules on the tilt cone. Due to the
polarization angleg for the band at 1602 cht at all the ~ Presence of this shift, it is necessary to select an appropriate
delay times. In Figs. @ and 4b) the absorbance changes po!anzatlon angle in order to ana_lyze precisely thg reorien-
between the current and the last delay timeA(t) ] and the tation of tTe se%mezts as a_funhctlczjr} of t.he d?'iy tlmel. |
absorbance changes between the current and the delay tirrleT0 analyze the ¢ anges in the direction of the mo ecutar
of 0.5 us [AA(tys)] are shown, respectively, for the delay ong axis with the delay timeBy(t) for the representative
times at 2.5. 4.5..28.5 30i5. AA(t) andAA(ty ) can be bands was calculated and shown in Fig. 5. One can observe
expressed as follows: ' 0 that B,(t) is very similar for the bands at 1602, 1524, 1496,
' 1273, 1262, 1188, 1146, and 1066 cthat different delay
AA(T) times. This reveals that the core moiety of the FLC molecule
B retains a rod-shaped conformation during the electric-field-
=—Sin indulced switching.By(t) of the bands at 1736 and 1715
A sl B— B(1) 1+ A coZl B— B(t cm ~ exhibits a large deviation from those of other bands,
A p:zr _['8 t[—;(Z)]—i-Apar Sz[ﬁ _'B( 312 e.g., the bands at 1602 and 1188 ¢mThis is due to the
perSIM [ 5= 5( )1+ Apercos [ 5= B )] hindered rotation of the £-O groups.B,(t) of the band at
(2 1095 cm ! also deviates from those of the other bands, sug-
B B gesting that for the &-O—C linkage in the chiral moiety,
fothﬁE LlI)Earllld é;t(t16?))2magﬁ+ﬁéhrir?g)lmit?w’eBé;?igrnﬁai?:;ngvﬁt(é%agnof the intermolecular interaction is weaker than in the core moi-
FLC-3 in the SmE* phase at 137 °C at a rectangular electric field ety. Moreover, it can he seen from Fig. 5 thia(t) f.o.r all
of =40 V with 5-kHz repetition rate for the delay time from 0.5 to selected bands switches symmetrically from a positive angle

—SiIn

30.5 us at an interval of 2us. to a negative angle. Figure 5 also elucidates that the motional
Bt—2)max BE—2)min B(tos) max B(to.8) min [ 1066 —0—1095 —A— 1146 —*—1188 —%—1262 —m—1273

t—2 (us) (deg (deg to.s (us) (deg (deg —A—1496 —0—1524 —8—1602 ——1715 —8—1736

2.5-05 95 173 2.5-05 95 174 N

45-2.5 84 160 4.5-0.5 87 163

8.5-4.5 80 155 6.5-0.5 83 159

8.5-6.5 73 147 8.5-0.5 81 156

10.5-8.5 69 142 10.5-0.5 7 151

12.5-10.5 58 132 12.5-0.5 65 140

14.5-12.5 52 127 14.5-0.5 57 133

16.5-14.5 47 173 16.5-0.5 55 132

18.5-16.5 46 120 18.5-0.5 54 131

20.5-18.5 59 139 20.5-0.5 54 131

22.5-20.5 91 140 22.5-0.5 54 131 -25 Delay ime (39

24.5-22.5 63 146 24.5-0.5 54 131

26.5-24.5 53 130 26.5-0.5 54 131 FIG. 5. By(t) vs delay time for representative infrared bands of

28.5-26.5 92 16 28.5-0.5 54 131  FLC-3in the SmE* phase at 137 °C at a rectangular electric field

30.5-28.5 90 125 30.5-0.5 54 131  of =40 V with 5-kHz repetition rate for the delay time from 0.5 to

30.5 us at an interval of Zus.
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——1473 ——1496 —0O-~1524 —0—1602 —W—1715 —4—1736_

0 . Delay time (ps)
0.5 8.5 12,5 185 245 30.5
FIG. 7. Time dependence &4y, versus delay time for some
representative infrared bands of FLC-3 in the ®h-phase at
FIG. 6. 4(t) versus delay time for representative infrared bands!37 °C at a rectangular electric field af40 V with 5-kHz repeti-
of FLC-3 in the SmC* phase at 137 °C at a rectangular electric tion rate for the delay time from 0.5 to 30/4&s at an interval of
field of = 40 V with 5-kHz repetition rate for the delay time from 2 ps.
0.5 to 30.5us at an interval of 2us.

Delay time (us)

i o L i induced by the electric torqué=PX E, whereP is the total
behavior of the projection direction in the cell window of the polarization of the FLG5]. Therefore, it seems that the elec-
orientation of representative bands is different at most delay;. torqueT" plays two roles:(1) to make the molecule re-
times. . _ volve around its own axis an€?) to make the molecule

So far it has been a very difficult problem to directly \iate around the tilt cone. From Fig. 7, it is found that the
observe the rotation around the orbit of the cone of an FL_ —0 group in the core moiety shows a different dynamic
molecule by infrared spectroscopy. In F|g._2, the relationshigyehavior compared to that in the chiral moiety during the
betweeng,(t) and the azimuthal anglé(t) is given. It can  gjectric-field-induced switching between the two surface-
be written as follows: stabilized states. The orientation of the formee=0O groups

is symmetrical to the orientation of the band at 1602 ¢m
4) but the orientation of the latter is asymmetrical. This indi-

cates that dynamical behavior of the<©D group in the core

moiety may be more free than the=€0 group in the chiral
where — =< By(t)< 6. Therefore, it can be inferred that 0 moiety during the course the molecule revolves around its
s ¢(t)sm. ¢(t) for the representative bands calculated byown axis in the electric-induced switching.
Eqg. (4) are shown in Fig. 6. Here, we assume that delay The relationship betweewrb(t) and the delay time has
times of 0.5 and 30.5us correspond to- 6 and 6, respec- been described above. One can define the average angular
tively. From Fig. 6, it can be seen that all the selected bandselocity of the FLC molecule rotating around the layer nor-
almost pass through(t) =90° at the same time. mal as w=A¢/At, where in this paperA ¢= ¢(t+2)

We have analyzed the dynamic behavior of the projection- ¢(t), At=2 us, and the average angular velocity
direction of the molecular long axis relative to the polariza-=w(t+1). Figure 8 shows the plot ab versus the delay
tion direction of the incident radiation. The results reveal thatime during the course of switching for the selected bands at
the molecular long axis rotates around the conical orbit dur1602, 1273, 1262, 1188, 1146, and 1066 ¢niThis plot
ing the electric-field-induced switching. Previous time- clearly indicates that the average angular velocity of various
resolved infrared studies mainly considered the motion of amands is different within several microseconds of the initial
FLC molecule by using a coordinate system based on thand final delay time. Many reports claimed that different
polarization direction of the polariz¢i4,18,27-29,31-33  molecular segments do not reorient simultaneously during
Therefore, the studies could not be used to analyze the relghe electric-field-induced switchir{@8,29,31. This different
tive motion of different segments in the molecules. The ori-response of molecular segments is the cause for the fact that
entation of the band at 1602 crhis selected as a reference the average angular velocity reflected by various bands is
coordinate system, and the orientation of other representatiwdifferent during the initial microseconds of the delay time.
bands referring to it makes an ang9¢0,. The plot of  Each molecule of an FLC is subjected to three types of main
A 6160, versus the delay time during the course of switchingtorques[39]: the viscous torque, which is proportional to the
is shown in Fig. 7A 6440, Of the selected bands varies with angular velocity of the molecular director on the tilt cone and
the delay time and increases from negative angles to positivetational viscosities of the medium, the electric torque and
ones, indicating the changes in the orientation for selectethe elastic torque. In the accelerating course of the initial
bands with reference to the band at 1602 ¢muring the  microseconds, the viscous torque is very small. The electric
electric-field-induced switching. These changes may béorque is also very small. Owing to the unbalanced influence
caused by the revolution of the molecule around its own axi®f the torques, different molecular segments have a different

tanBy(t)
tane

d(t)=cos?
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[o— 1066 —a—1146 —%—1188 —%—1262 —e—1273 —o—1602]  —e—1066 —&—1146 —m—1188 —w—1262 —e—1273 —0—1602‘
30 8

25 R
4
20

3 \ ) \
15 — ‘ ‘ -
\ 105 \ 145 1 =

10 [— K \
1 -4 -

\

Aws/at

15 8.5 155 225 29.5 _8
Delay time (ps) Delay time (us)
FIG. 8. A average angle velocity versus delay time for some FIG. 9. Average angular acceleratidnw/At versus delay time

representative infrared bands of FLC-3 in the &h-phase at for some representative infrared bands of FLC-3 in the Gm-
137 °C at a rectangular electric field af40 V with 5-kHz repeti-  phase at 137 °C at a rectangular electric field-a0 V with 5-kHz
tion rate. repetition rate.

CONCLUSIONS
behavior of motion. During the retardation of the final mi- Th ¢ stud ing ti ved infrared ¢
croseconds, the direction of the electric torque is opposite t(c):o ial?sre dsjaoﬁs%rei/teflt?\gat '{Ez'g’fg \:T?Oléngirel’lotsgﬁf r;)c')s_-
the corresponding accelerated course on the tilt cone, but tf{e Py y I

: . ; ates around the layer normal, but also revolves around its
magnitude of the electric torque and its change are equal for

. . own long axis. It has also clearly shown that the orientation
the two courses. Therefore, the motion behavior in the Iatte{)f structural segments in the core moiety passes almost si-
course is similar to that in the former. When the molecule

. g %ultaneously through the projection of the normal of the
tend to¢(t) =90°; all torques are also towards equilibrium, |aver in the cell window during the dynamic switching.

and the angular velocity of all segments simultaneouslyrnese results have revealed that the maximum- and
tends to reach their maximum angular velocity. This meansninimum-absorbance changes for selected infrared bands are
that all the torques reach a balanced position. dependent on the polarization angle during the electric-field-
To explore the response of different molecular segmentgduced dynamical switching. Moreover, the maximum- and
to the applied rectangular electric field in more detail, weminimum-associated polarization angles shift to smaller val-
have plotted the angular acceleration of the representativées as the delay time increases. It has been also found that
bands at different time delays in Fig. 9. From this figure wethe C=0O group in the core moiety exhibits a dynamical
clearly find the positive and negative angular accelerationbehavior different from that in the chiral moiety during the
during the electric-field-induced switching. The cause of thiselectric-field-induced switching between the two surface-
accelerating course is that the ferroelectric and the dielectristabilized states. The orientation of the<®© groups in the
torques are functions of the azimuthal angldetween the core is symmetrical to the orientation of the band at 1602
spontaneous polarization and the electric field. As a resulgm ™2, but the orientation of the O group in the chiral
the electric torque is also a function of the delay time undemoiety is not symmetrical. This indicates that the dynamical
the applied rectangular electric field, changing from a posibehavior of the €0 group in the core moiety is more free
tive torque to a negative one. The results reveal that théhan the G=O group in the chiral moiety during the course
ferroelectric case is completely different from the nematicof the revolution around its own axis in the electric-induced
case in which the electric torque changes undirectionally. switching.

[1] N. A. Clark and S. T. Lagerwall, Appl. Phys. Let36, 899 [7] H. Toriumi, H. Sugisawa, and H. Watanabe, Jpn. J. Appl.
(1980. Phys., Part 27, L935 (1988.

[2] N. A. Clark and S. T. Lagerwall, Ferroelectri68, 25 (1984). [8] V. G. Gregoriou, J. L. Chao, H. Toriumi, and R. A. Palmer,

[3] S. T. Lagerwall, N. A. Clark, J. Dijon, and J. F. Clerc, Ferro- Chem. Phys. Lettl79 491 (199J.

electrics94, 3 (1989. [9] T. Urano and H. Hamaguchi, Chem. Phys. Let@5 287

[4] J. S. Patel and J. W. Goodby, Opt. E2§, 373 (1987). (1992.

[5] S. T. Lagerwall, Ferroelectric and Antiferroelectric Liquid [10] T. Takano, T. Yokoyama, and H. Toriumi, Appl. Spectro4¢.
Crystals(Wiley-VCH, Weinheim, 1999 p. 170. 1354(1993.

[6] A. Kocot, J. K. Vij, and T. S. Perova, in Advances in Liquid [11] H. Sasaki, M. Ishibashi, A. Tanaka, N. Shibuya, and R. Hase-
Crystals, edited by J. K. Vijspecial issue of Adv. Chem. Phys. gawa, Appl. Spectrosel7, 1390(1993.
113 203(2000]. [12] S. V. Shilov, S. Okretic, and H. W. Siesler, Vib. Spectragc.

021710-6



TIME-RESOLVED INFRARED SPECTROSCOPIC. .. PHYSICAL REVIEWG5 021710

57 (1995. [27] S. V. Shilov, H. Skupin, F. Kremer, T. Wittig, and R. Zentel,
[13] K. Masutani, H. Sugisawa, A. Yokota, Y. Furukawa, and M. Phys. Rev. Lett79, 1668(1997.

Tasumi, Appl. Spectrosal6, 560(1992. [28] A. L. Verma, B. Zhao, S. M. Jiang, J. C. Shen, and Y. Ozaki,
[14] K. Masutani, A. Yokota, Y. Furukawa, M. Tasumi, and A. Phys. Rev. E56, 3053(1997.

Yoshizawa, Appl. Spectrosd7, 1370(1993. [29] A. L. Verma, B. Zhao, H. Terauchi, and Y. Ozaki, Phys. Rev. E
[15] M. A. Czarnecki, N. Katayama, Y. Ozaki, M. Satoh, K. Yoshio, 59, 1868(1999.

T. Watanabe, and T. Yanagi, Appl. Spectro$g, 1382(1993. [30] Y. Nagasaki, T. Yoshihara, and Y. Ozaki, J. Phys. Cherh0B&

[16] T. Urano and H. Hamaguchi, Appl. Spectro4g, 2108(1993. 2846 (2000.
[17] M. A. Czarnecki, S. Okretic, and H. W. Siesler, J. Phys. Chemy31) v Nagasaki, K. Masutani, T. Yoshihara and Y. Ozaki, J. Phys.
B 101, 374/(1997. Chem. B104, 7881(2000.

[18] M. A. Czarnecki, N. Katayama, M. Satoh, T. Watanabe, and Y.
Ozaki, J. Phys. Chen®9, 14 (1995. (2000

e géil’f: taDyaI;nearhI:ss'?tc\)(yu\z(.a?vzalglng .HMLIJ-Ir:fnhallrgoljcl\:i. }Z\Ig:rhgpi.c_[%] A. L. Verma, B. Zhao, A. Bhattacharjee, and Y. Ozaki, Phys.
. D. ,T. , . ' ' Rev. E63, 051704-1(2001).

trosc.49, 977 (1995. : . .
[20] K. H. Kim, K. Miyachi, K. Ishikawa, H. Takezoe, and A. [34] A. Kocot, R. Wzralik, B. Orgasingka, T. Perova, J. K. Vij, and
Fukuda, Jpn. J. Appl. Phys. ParB8, 5850(1994). H. T. Nguyen, Phys. Rev. B9, 551 (1999 _
[21] S. V. Shilov, S. Okretic, H. W. Siesler, R. Zentel, and T. Oege,[3%] J- G. Zhao, T. Yoshihara, H. W. Siesler, and Y. Ozaki, Phys.

[32] W. G. Jang, C. S. Park, and N. A. Clark, Phys. Re625154

Macromol. Rapid Commuril6, 125 (1995. Rev. E64, 031704-1(2001.

[22] N. Katayama, M. A. Czarnecki, Y. Ozaki, K. Murashiro, M. [36] T. Yoshihara, Y. Kiyota, H. Shiroto, T. Makino, A. Mochizuki,
Kikuchi, S. Saito, and D. Demus, Ferroelectritd7, 441 and H. Inoue, in Proceedings of the 17th International Liquid
(1993. Crystal Conference, Strasbourg, France, edited by A. Skoulios

[23] F. Hide, N. A. Clark, K. Nito, A. Yasuda, and D. M. Walba, and D. Guillon[Mol. Cryst. Lig. Cryst.331, 217 (1999].

Phys. Rev. Lett75, 2344(1995. [37] K. Masutani, K. Numahata, K. Nishimura, S. Ochiai, Y. Na-

[24] S. V. Shilov, S. Okretic, H. W. Siesler, and M. A. Czarnecki, gasaki, N. Katayama, and Y. Ozaki, Appl. Spectrdsg. 588
Appl. Spectrosc. Re81, 82 (1996. (1999.

[25] K. H. Kim, K. Ishikawa, H. Takezoe, and A. Fukuda, Phys. [38] Y. Nagasaki, K. Masutani, N. Katayama, T. Yoshihara, K. Nu-
Rev. E51, 2166(1995. mahata, K. Nishimura, S. Ochiai, and Y. Ozaki, Int. J. Vibr.

[26] B. Jin, Z. Ling, Y. Takanishi, K. Ishikawa, H. Takezoe, A. Spectrosc3, 5 (1999.

Fukuda, M. Kakimoto, and T. Kitazume, Phys. Rev.58, [39] I. C. Khoo, Liquid Crystals: Physical Properties and Nonlin-
R4295(1996. ear Optical PhenomenéNiley, New York, 1993, p. 89.

021710-7



