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Dynamic local-layer response of surface-stabilized ferroelectric liquid crystals to a high electric
field by time-resolved x-ray microdiffraction
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Time-resolved synchrotron x-ray microdiffraction measurements have directly revealed the dynamic local-
layer response to the high electric field in a surface-stabilized ferroelectric liquid crystal. The irreversible layer
transformation under the increasing electric field is found to consist of two stages; the initial vertical chevron
structure transforms to the alternate vertical and horizontal chevrons and, with increasing field, the chevron
angle decreases and the horizontal chevron structure develops. The time-resolved microdiffraction measure-
ment has clarified the detailed reversible layer transformation between the mostly horizontal chevron at the
high field and the so-called quasibookshelf at the low field during the ac field application. The transient layer
response time is about 0.1-0.2 and 0.3—0.4 ms for falling and rising edges, respectively, and is slightly longer
than the optical response time. The layer transformation is discussed in terms of electric torque and surface
anchoring. The local-layer response in the antiferroelectric liquid crystal is also discussed for comparison.
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[. INTRODUCTION transition has been also studied in detail by x-ray small angle
scattering in relation to the ferroelectric, ferrielectric, and
The local-layer structures of ferroelectric liquid crystals antiferroelectric phases as a function of temperature and the
(FLC9 and antiferroelectric liquid crystal§éAFLCs) and  electric field[16—19. Since the h chevron is a laterally in-
their layer response to an electric field have attracted muchomogeneous layer structure in a cell, a spatially resolved
attention both from display device applications and fundaX-ray technique is indispensable to directly determine the
mental physicg1,2]. When the smectiéx (SmA) phase is local-layer structure. Small angle x-ray scattering with a syn-
cooled down to the chiral smectie{SmC*) phase, the re- chrotron x-ray microbeam is the direct microscopic tech-
duction of the layer spacing is compensated by a verticalidue and has proven to be quite effective for the character-
chevron (v-chevron structure in a surface-stabilized cell 1Zation of smectic liquid crystalg20—-25. , ,
[2—7]. Optical and electro-optical phenomena could be inter- Obviously, for the study of the electro-optical behavior of

preted in terms of this v-chevron structure and its modifica—the FLCs and AFLCs, it is important to directly investigate

tion. Under the high electric field, an irreversible layer tran-the dynam|c_ as Wel.l as the static Iaye_r structure Qf the v _a_nd
o o h chevrons in detail. The x-ray experiments having a milli-
sition from the initial v chevron to the so-called

. . secondims) to microsecondus) time resolution for the lig-
quasibookshelf structure was observed in both surface dms dps) q

" . uid crystal layer determination, however, have been limited
stabilized AFLC and FLC cellp9-11. When observed with ;1\ ;mper. The layer responses from a few tens of microsec-

a polarized optical microscope, the quasibookshelf structurg,ys 1o sub-milliseconds were observed even under the rela-
often accompanies the stripe texture that degrades the optic@ew low electric field of a symmetric bipolar pul§26,27.
contrast for display applications. The stripe texture has beepecently, the local-layer structure in the AFLCs and its re-
discussed with regard to the horizontal chevtbrchevron  sponse to the applied electric field were successfully revealed
structure[12]. The h chevron is realized due to the interac—by time-resolved synchrotron x-ray microdiffractif8,29.
tion between the applied electric field and the spontaneous In this paper, the local-layer structure of the FLCs and its
polarization of the molecule. The h-chevron structures, howresponse to the electric field are investigated to reveal the
ever, are not restricted to the §h under the high-field dynamic interaction of the field with the local-layer structure
treatment, but also they were found in the FLC without theby x-ray small angle scattering with a fewm spatial reso-
field treatmenf13] and in the electroclinic effect in the $m  |ution and a few tens ofis time resolution. Furthermore, the
phase[12,14,15. Recently, the v chevron to quasibookshelf orthogonaky- and y-angular dependences of diffracted inten-
sities are fully utilized to study the field-induced layer trans-
formation. Simultaneous observation of the optical response
*Present address: Nihon University, Surugadai, Kanda, Chiyowith the x-ray measurement also makes it possible to discuss
daku, Tokyo 101-8308, Japan. the relationship between the molecular and the layer re-
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cell surface E FIG. 2. Polarized optical micrographs of textures of the initial
. stage before field applicatiqa), =18 V (b), =28 V (c), and+=60 V
normal (Z) mbblng (d) under the triangular wave forrtd Hz). The sample was TK-

direction (X) C101. The cell thickness was about %B. The measurement was
done at room temperature. The rubbing direction was set horizon-
FIG. 1. (a) Experimental setup for synchrotron x-ray microbeam tally. White arrows show the direction and the region of the x-ray
diffraction. (b) Sample coordinates for the smectic layer normal. measurement shown in Fig. 3. A scale mark is 100. (Weak gray
The angled is the tilt angle or the vertical chevron anglgis the  arrows show points of measurements during the experiments.
in-plane deflection angle or the horizontal chevron angle when the
chevron structure is periodic. proportional counter was collected simultaneously. The
w-scan intensity profildw profile) was obtained by rotating
sponse. The quasistatic and transient layer transformatiorike sample around a vertical axXi¥). The w intensity is the
for the triangular-form and the step-form electric fields, re-integrated intensity with respect join the present paper. No
spectively, are reported. The results are also discussed absorption correction for the cell glass plates was made. The

relation to the AFLC layer response. layer deflection angles and y are defined in Fig. (b).
The optical response was obtained by a photomultiplier
Il. EXPERIMENT attached to ain situ polarized microscope during the x-ray

measurement, though the optical measurement area was

The sample was TK-C101Chissg [23] sandwiched apout 100um in diameter and was much larger than the
between ITO-coated glass plat€$50 um thick) rubbed X-ray microbeam size.
on one side after coating a polyimide alignment film. Atriangular-form(5 Hz, +1-+65 V) or a step-form(25—
The phase sequence of TK-C101 is is0(80°C)100 Hz, +45-+65 V) electric field was applied to the
N*(70 °CSmA(56 °CSmC*. The experiments were per- sample. The time-resolved profile andy profile were ob-
formed in the Sr&* phase at room temperature. Most of the tained with an MCSmultichannel scal@¢mode and a gated
experiments were carried out with one-side rubbing cellsMCA (multichannel analyz¢rmode, respectively. A mini-
which is the same alignment condition as previous AFLCmum dwell time for the MCS mode was k. In the gated
experimentg28,29. The cell gap was about 5-8m. For  MCA mode, they profiles at eight sampling points in one
comparison, an AFLC sampleS)-TFMHPOBC [4-(1-  cycle of the applied field were collected with a minimum

trifluoromethyl  heptyloxycarbonyphenyl ~ 4-octyloxy-  time resolution of 1Qus. MCS and MCA data were summed
biphenyl-4-carboxylafe was also measured at the sameithin a measurement time.

sample temperature of .—10° as previous experiments
[28,29, whereT, is the phase transition temperature from . RESULTS
SmA to SnC; (109°0.

The x-ray diffraction experiments were carried out on
beam line 4A at the Photon FactofiyF). The experimental
detail has been already reported in the previous pg&r The time integrated spatial distribution of the x-ray dif-
so only a brief description is given here. The beam size wafraction profile from TK-C101 was measured as a function of
about 3(h)x4(v) um? and the angular divergence of the an applied voltagéFig. 3 together with then situ observa-
incident beam was about 1.0 mrad both in the horizontal antion of the texture by a polarized optical microscdpéy. 2).
in the vertical direction. The incident x-ray energy was 8 keV  Figures 31-a) and 31-b) show series ofv and y profiles,
(1.55 A). The diffraction geometry is schematically shown in respectively, across the narrow wall at an initial state before
Fig. 1(a). The rubbing direction was set horizontally. The the field application. The v-chevron structutpeaks at
x-intensity distribution(x profile) on a position sensitive «==+21°) is clearly seen in Fig.(3-a). The peaks that ap-

A. Time integrated spatial distribution of the diffraction
profile
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3(2-b)] obtained atw= —5.8° (peak ofw-bookshelf compo-
neny shows the alternate intensity variation between the low

‘ and high angles indicating the nearly periodic needle-defect

formation(h-chevron growth The angless andy are almost

R R T T i Cs e QU R AR the same as in the initial state.

(@), 720 =10 0 10 20 qyd0 =20 0 20 40 By increasing the applied voltage, the needle defect fur-

-404_.T  —404 4 . ‘ ther develops and covers the whole area as shown in Fig.

=20 2(c). It is also noted that dense focal conics appear in the

- 1 needle defector stripe reflecting the strain field. The inten-

sity modulation in Figs. @-a and 33-b) is about 8—1Qum

in period, which is close to the cell thickness. Above the

applied voltage of around:30 V, the spatial period of the

x-profile modulation is almost unchanged. The angiesd

v become small and the FWHNfull width at half maxi-

mum) of the v-chevron peak in the profile slightly in-

creases up to 1° from the initial orf@bout 0.4} indicating

the strain introduction.

Up to =50 V, the stripe texture progressively covers the
whole sample area and the focal conics density increases.
With increasing applied voltage, the angl&and y become
small and the v-chevron intensity further becomes weak as
shown in Figs. 8-a and 34-b). It is noted, however, that
the v-chevron structure still remains at this stage.

Above £50 V, the contrast of the stripe texture becomes
very weak and focal conics disappégig. 2(d)]. The w pro-
files obtained at=60 V [Fig. 3(5-a)], which is the highest
applied voltage for this sample show a sharp peak rear
=0° and are almost independent of the position. Jh@o-
files [Fig. 3(5-b)], however, show the alternate intensity dis-
tribution from position to position. The anglg decreases
: g down to 5° on an average.
y-angle(deg) When the electric field is turned off, the profile be-

comes broad and the angjebecomes small3°) as shown in

FIG. 3. Series ofv profiles(a) andy profiles(b) as a function of ~ Figs. 36-a and 36-b). Compared to the initial state, the
the vertical position(Y direction. (1-a and (1-b) were obtained |ocal-layer structure is irreversibly transformed. Taepro-
before the field application2-a) and (2-b), (3-@) and (3-b), (4-8  file looks like the quasibookshelf or the strongly modified
and (4-b), and(5-a) and (5-b) were obtained during the triangular v-chevron structure.
field of =18, =30, =40, and=60 V, respectively(6-a) and (6-b) A series of time integrated spatial distributions in Fig. 3
were obtained after turning off the field. Theprofiles were ob-  has revealed the local-layer structure in a microscopic scale.
tained atw=0° except for(2-b) wherew=—5.8° (see text The  The detail of the layer structure, however, seems to depend
scanning step in th¥ direction was 4um. The darker part corre- o the sample and the history of the field application. Figure
spo_nds to the hlgher dlffracte(_j |n_tenS|ty. x-ray intensities were Nor4 shows the other typicab and y profiles from a different
malized by the highest intensity in each figure. sample for the high applied fieltFigs. 4a) and 4b)] and

after turning off the fieldFigs. 4c) and 4d)]. The w profiles
peared iny profiles [Fig. 3(1-b)] are due to a pair of the at the high voltagé=50 V) show the single pealFig. 4a)]
narrow wall of a zigzag defect observed in Figa2 Thus, similar to Fig. 35-a), while the y profiles in Fig. 4b) are
the v-chevron angl€s) and the in-plane deflection angle at broader than those in Fig(%b) and the periodic structure is
the narrow wall(y) are 21° and 22°, respectively. not so clear. After turning off the field, this type of the

When the triangular electric field with a frequency of 5 sample shows a single peak in tlyeprofile [Fig. 4(d)] in
Hz was applied to the sample, most of the narrow walls incontrast to the alternate two peaks shown in Fi-13,
the view field disappeared up to5 V [8] and the new line  while thew profile [Fig. 4(c)] is similar to Fig. 36-a). For all
defect(needle defedi20,23, hereafterappeared above10  these differences among samples, the local-layer structure
V. The needle defect usually appeared from a broad wall, thafter turning off the field is characterized by the broadening
tip of a narrow wall or a spacer edge. At18 V [Fig. 2(b)], of the w profile and the narrowing of the chevron angler
the needle defect develops and the so-called stripe texture &single peak in the profile. Hereafter, the layer structures
formed. A series of thew profiles[Fig. 3(2-a)] shows broad in Figs. 3 and 4 are referred to as the typeand typeS,
but weak peaksw-bookshelf components, hereajtdie- indicating the double and single peaks in therofile after
tween the v-chevron peaks. Thentensity distributionfFig.  turning off the field, respectively.

¢ eilnl

Y-Position (um)

0 10
w-angle(deg)
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@ ®) obtained after a long time intervédbout four monthswith-
0- ; n ‘ out electric field application. Poor statistics are due to the
lack of the spatial integration in this case. Multiple broad

12 ‘ . L2 .
i peaks in thew profile indicate the partial recovery of the
|

g 24 ‘ 24| v-chevron structure. The layer relaxation seems to proceed
] T d T .

£ 10 5 iy (d}zo 20 quite slowly.

é 0- 0

> B. Quasistatic response

[y
N

The time-resolved experiments under the quasistatic con-

I R AR

24 | 24- dition were performed with a 5-Hz triangular wave for the
=B 8 10 8 15 o 56 B0 sample after the |rr.everS|bIe transition, ie., time-resolved
o-angle(deg) x-angle(deg) measurements of Figs(8a and 35-b). Figures 6a) and

6(b) show the time-resolved MCS-modeprofiles from the
FIG. 4. Series ofw profiles [(@) and (c)] and x profiles ate  sample used in Fig. 3 for one cycle of applied voltdge0
=0° [(b) and(c)] as a function of the vertical position across the \/ amplitude as a function of time for different positions
stripe. Under the+50 V field application[(a) and (b)] and after (8-um apart in theY position. In Fig. &a), a single peak
turning off the fle'd[(C) and (d)] The sample thickness WaS/ﬁn. nearo=0° at the h|gh field shifts to the low angle by about

1° and becomes broad at the low field. In Figh)6 a weak

hump appears at the low angle side and it shifts to lower
angles with increasing voltage, and the broad double peak

To summarize the layer deformation process, ¢hend y
profiles in Fig. 3 are summed fof positions(temporally and
spatially integrated profiles, Fig)5The irreversible v chev- .
ron to the quasibookshelf transformation dnprofiles[Fig. appears at low voltage. These two .p.atte.rns, F'Qa) énd
5(a)] well agrees with previous x-ray diffraction experiments 6(P): appeared from position to position in thedirection
[8,10,17,19, while the simultaneoug-profile measurement alternately. Figure @) shows thew-profile intensity neaw
clearly indicates various stages of the h-chevron formation.=0° obtained from Fig. @) as a function of the applied

Finally, the layer transformation having a long relaxationVoltage (voltage-dependent profile The intensity has
time is mentioned. Uppermost profiles in Fig.(Bng) are ~ Maxima at around=30 V and decreases at lower and higher

applied voltages. The decrease in the intensity is compen-
LI B S sated by the low-angle weak hump at the high field, while,
M naturally, it is due to the shift and broadening of thirofile
o 4 peak at the low field. The layer response is different from the
AE off "‘ optical one.
2 s x 175 Although Figs. 6a) and Gb) are the typical time-resolved
w profiles for the triangular wave, several types of the

(a) ong (ﬂ,) '

+60V X 1/10 profile seem to appear at the low field from various samples
and positions: the asymmetric broad pétked bent book-
_/V/L\":“‘OV 1S shelf, Fig. §a)], the broad double pedknodified v chevron,
Fig. 6(b)] and the symmetric broad peafuasibookshelf

N EBSY The common feature of these is the broad profile. It is also

noted that the FWHM of thew profile after turning off the
+£30V M field [Fig. 3(6-a)] is broader than that at 0 V during the ac
field application. Therefore, the layer response under the tri-

+18V angular field(5 Hz) is a quasistatic process.
J\\_.—%__._,_,A, L NN The time-resolved MCA-modg profile shows remark-
T Initial ) able profile change during the field application. Figurés 7
ll AN \\«MJ/\\.«,_ and 1b) are obtained from different samples. In Figa)7
_éo o 20 : ‘_éo‘ = (') —! '2'0' : the angular separation of about 10° of the double peak at the
o e (d e (d high field (y~5°) decreases down to 4°-5° at the low field
angle (deg) % angle (deg) (y~2°) while, in Fig. 7b), the double peak at the high field
FIG. 5. Summary of the time integrated profile (a) and y changes continuously to the single peak at the low field.
profile (b). From 18V to E off (after turning off the electric fieky [ 19Ures 7& and 1b) relate to the type and typeS layer
the diffracted intensities were obtained by integrating over the polransformations, respectively. In practice, the time depen-
sition from series of» andy profiles(Fig. 3). For the initial profile, ~dence of the typ&[Fig. 7(b)] is more frequently observed.
the y profile (broken ling was measured during the-profile mea- ~ The positional dependence of the time-resolvegrofile
surement at the center of the narrow wéitegrated ovew angle.  showed the alternate low- and high-angle peaks.
Uppermost profileglong) were obtained from a different sample at ~ The reversible layer response such as shown in Figs. 6
a single positior{no spatial integrationafter a long interval without and 7 started wherd and/or y became less than-10° or
electric field application. dense focal conics disappeared. Below that voltage, no con-

X-ray Intensity (arb. unit)

J
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FIG. 7. Time-resolved MCA-modg profiles for a half cycle of

2 — ‘ the triangular wave formi5 Hz, see the inset of Fig.(#]. (a) and

2 (b) were obtained for different samples and the maximum applied

4 ‘» voltages were+60 and =50 V, respectively. Both profiles were
Frirryprerrepr o e e obtained neaw~0°. 10 ms time resolution. Note that the sam-
0 50 100 150 200 pling times(abscisspare not at equal intervals.

Time (ms)

o
o
O
™

48 40
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48 60
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12 90
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40 40-
50 50
40 60
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w-angle(deg)

Fig. 8@. The w profiles at the high and low fields, time
integrated for 3 ms of Fig. (&), are shown in Fig. &). A
strong peak neatww=0° and weak humps neas= *+4° at
the high field, and a broad single peak at the low field are
seen. The time dependent integrated intensity otdtlpeofile
[integrated Fig. &) from w=—0.6° to w=1.6°] shown in
Fig. 8(c) remains nearly constant at the high field, while that
at the zero-voltage region shows the slow fluctuation, up to a
few milliseconds after the field change. The corresponding
optical response in Fig.(8) shows the memory effect when
; " i the electric field is turned off+60-0 V, falling edge and
—40 0 40 the sharp decrease when the field is turned0e+60 V, rising
. edge. Figures 9a) and 9b) show the detailed intensity
Applied Voltage (V) variation atw=0° and 0.4° at the falling edge and the rising

FIG. 6. Time-resolved MCS-mode profiles for one cycle of €dge, respectively. At the falling edge, the decrease of the
the triangular wave form(5 H2) [(@) and (b)]. (2) and (b) were  @-profile intensity depends on theangle, while at the rising
obtained from the sample used in Fig. 3 at positione8apartin ~ €dge the intensity increase seems to be independent of the
the Y direction. An inset in(a) shows the wave form applied to the angle. The transient time in the time-resolved profile,
sample. The maximum applied voltage wag0 V. The time reso- When it is defined by the time interval during which the
lution was 1 ms. The data for the last 2.5% of one cycle are lackingntensity in Fig. 9 levels off after the electric field change, is
due to the limitation of the timing control procedure for presentca. 0.2—0.4 ms for the falling edge and about 0.5 ms for the
electronics.(c) The applied voltage dependence of theprofile  rising edge. The optical transient time is about/&0at the
intensity nearo=0° (voltage-dependence profilebtained from  rising edge for this samplgFig. 8(c)] and usually less than
(b). The optical transmittance is also shown. 0.1 ms; it is shorter than the layer transient time.

The time-resolvedy profiles for falling edge and rising
edge are shown in Figs. (@ and 1@b), respectively. The
t|me -resolvedy profiles have the double peak and the single
peak at the high and the low voltage, respectively, and they
correspond well to the quasistatic time-resolvedrofile
shown in Fig. 7. The response time in tleprofile, during
which the major profile change occurs after the applied field

The transient layer response was investigated under ehange, is 0.1-0.2 and 0.3—-0.4 ms for the falling edge and
step-form electric field25 Hz, +60 V). The time-resolved the rising edge, respectively. The response time for jthe
MCS-modew profile for one cycle of the field is shown in profile is slightly shorter than the transient time for the

|

e —
D

-

X-ray Int.(arb. units)

(syun *qre) souepIWISURI],

spicuous y-profile response to the applied field was ob-
served.

From the time-resolved measurement, the quasistatic re
versible layer transformation was revealed for the first time!

C. Transient response
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FIG. 9. X-ray intensity near the falling+-60—0 V) (a) and rising
(0——60 V) (b) edges obtained from Fig.(& for ®=0° (O) and
w=0.4° (@). Dotted lines show the time when the applied field
changes.

plication, the sample showed the stripe texture which was a
combination of the v and the h chevrd28]. Figure 11
] shows the applied voltage dependences of the ardpges! v
e for TFMHPOBC together with those for TK-C101. A clear
=5 0 S threshold voltage for TFMHPOBCAFLC) in contrast to the
o-angle(deg) gradual layer change in TK-C10FELC) agrees with previ-
. i . . ] . . ous experiment$9,17—-19. It is noted that not onlys but
(c) ] also y shows the similar voltage dependence. The threshold
. voltage relates to the onset of the ferroelectric state.
] During the reversible layer transformation under the tri-
angular wave fornt5 Hz, =65 V), the time-resolved MC%
profile [Fig. 12a)] shows the triple peak at the low field and
the single peak at the high field. The corresponding time-
resolvedy profile [Fig. 12c)] shows that the two peaks at
the high field(50 and 140 mys though the low-angle peak
(around y~—1.5°) is quite weak in this case, become a

X-ray Int. (arb. units)

X-ray Intensity
Transmittance

o 10 20 30 40
Time (ms)

FIG. 8. (a) Time-resolved MCS-mode profiles for the step- -10—- (a) -10- (b)

form electric field(25 Hz, =60 V). 0.04 ms time resolution. An
inset shows the wave form applied to the samglg. » profiles
integrated over 3 ms around 60(80olid) and 0 V(broken. Arrows
show humps that appeared-a60 V applied voltage(c) The time
dependence of thew-profile integrated intensity aroundo
=0.2°-1° obtained from(a). An optical transmittance is also

shown. s i

profile. This might be caused by the following reasons;dhe 10— ; 104

profile is the integrated intensity for thg angle in the N

present experiment resulting in the insensitive response, and L I e e

the marked change in the layer structure is closely related to 2 & s 50 © &N ¥ ©

the h chevron rather than the v chevr@n the layer defor- 0w 0w N WO o o o o

mation around theY axis). In practice, the slow intensity Ti — TTme ('_I‘ns)H

variation in they profile (more than 1 mswas observed and ime (ms)

it corresponded to the slowly varying part of theprofile. FIG. 10. (a) and(b) are time-resolved MCA-modg profiles for

the falling edgg+60—-0 V) and the rising edgé——60 V), respec-

D. AFLC response tively, of the step-form electric fielb0 Hz, =60 V); 0.1 ms time

An AFLC sample TFMHPOBC was also measured withresolution. Dotted lines show the time when the applied field
the same technique. At the initial stage before the field apehanges.
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FIG. 11. Applied voltage dependences of the chevron aAgle
(m,0) andy (@,0). (a) and(b) are for TK-C101(FLC) and TFM-
HPOBC (AFLC), respectively. The bar shows the FWHM of each
peak.

|
~

(<)
~

single peak at the medium fie{@0, 80, and 130 msand that

the two peaks appear again in the low fi&d9—110 mg The
angular separation between the two peaks at the low field is
wider than that at the high field. From Figs.(&Rand 1Zc),

the layer structure is approximately described as the h chev-
ron at the high field, the quasibookshelf at the medium field,
and the combination of the h and v chevrons at the low field.
Compared to TK-C101 results and the similarity between the N
optical response and the diffraction intendiBig. 12b)], it ; ,

(&)}
|

y-angle(deg) |
7
]
]

6]
\

was confirmed that the layer structure of TFMHPOBC ap- Time o o o o o o o o
pearing in the high and medium fields corresponds to the (ms) = = 5 2 =
ferroelectric state. The appearance of the low-field h chevron Voltage v o © ™ o© ™ o

S R

is closely related to the antiferroelectric state due to the field- V)
induced phase transition. It is noted that the x-ray diffraction
profile shows the double hysteresis similar to the optical re- FIG. 12. (a) Time-resolved MCS-mode profiles for one cycle
sponse of AFLC$2,9], indicating again the important role of of the triangular wave forngs Hz, 65 V) for TFMHPOBC. The
layer motion in the electro-optical response. applied wave form is shown in an inset. 0.5 ms time resolution.
The transient layer response under the step-form electritb) The applied voltage dependence of therofile intensity near
field (100 Hz, =45 V) shows the different behavior between »=0° (voltage-dependence profilfom (a). The optical transmit-
the falling and rising edges. At the falling edfféigs. 13a)  tance is also showr(c) Time-resolved MCA-modey profiles ob-
and 14a) for  andy profiles, respectively the ferroelectric  tained ato=+0.2°. 5 ms time resolution. The time from 50 to
structure gradually changes to the antiferroelectric one, whild50 ms corresponds to the applied voltage frem5 to —65 V.
at the rising edgéFigs. 13b) and 14b)] the layer structure Note that the sampling timébscisspis not equal interval. The
suddenly changes within a present time resolution. The trars@mple thickness was 54m.
sient time, during which the h chevron of the antiferroelec- IV. DISCUSSION
tric and the ferroelectric phases for the fallinf) and rising
(T,) edges, respectively, appears after the field change, de-
pends on the sample. Typicallj; and T, were 0.1-0.3 and Since a series of spatially and time-resolved and
0.02—-0.08 ms, respectively, and corresponded to the slow-diffraction profiles was measured, the irreversible and re-
component of the field-induced phase transit[@0]. The versible layer transformations of the surface-stabilized FLCs
quick response of, is closely related to the field-induced under the electric field can be discussed as shown in Fig. 15.
phase transition. The layer transient time was as fast as the At the initial state, the layer structure is the v chevron
optical response time. with a zigzag defediFig. 15a)]. The irreversible layer trans-

A. Layer structure under the electric field
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Time (ms)
(1)
FIG. 13. Time-resolved MCS-mode profiles for the step-form

electric field(100 Hz,=45 V) from TFMHPOBC around the falling
edge(+45-0 V) (@ and the rising edgé0——45 V) (b). 10 us
time resolution. Dotted lines show the time when the applied field
changes. The sample thickness was abouth4

formation with increasing electric field consists of two
stages. When the electric field is first applied to the sample,
the electric torque makes the layer upright resulting in the
needle-defect generatiRig. 15b)]. The in-plane deflection
angley is nearly equal to the v-chevron anglat this stage,
though the layer bends along the depth. With an increasing
applied voltage, the nearly periodic structure consisting of
the alternate v chevron and h chevron is achieyE).
15(c)]. These structures are deduced from the data shown it
Figs. 31-a,h and 32-a,b and each layer structure has al-
ready been discusséi2,21,23.

With further increase of the applied voltage, bétAnd vy
reduce gradually and simultaneously. There are, at least, twi

_101(3)

5

FIG. 15. Schematic representation of the local-layer structure in
the FLC cell under the ac electric field. The initial v-chevron struc-
ture with narrow wallga), the generation of the needle deféb},
the development of the needle defect and the formation of the stripe
texture (c), and the transformation of the stripe textud. The
reversible layer transformations are showiteénand(f) for the high
(Enign and low E,,) electric fields, respectivelyd-1)—(f-1) and
(d-2)—(f-2) correspond to the typ8 and typeD layer transforma-
tions (see text All chevron angles are exaggerated and the layer
deformation, especially along the depth, is simplified. Thin dotted
lines are a guide for eyes to show the folding direction.

x-angle(deg)
(@)

i T i T T T T

5882288 £3888582

MR S0 56 B HEEESEEEE types of the surface layer structure: either the layer intersec-
Time (ms) tion at the substrate surface is straifype S Fig. 15b-1)]

or a part of the surface layer is foldggype D, Fig. 15b-2)].

FIG. 14. Time-resolved MCA-modg profiles for the step-form  The surface layer of the typ@ has partly changed to the h
electric field(50 Hz, +45 V) from TFMHPOBC for the falling edge  chevron. The typeS structure is deduced from Fig. 4, in
(+45-0V) (a) and the rising edgéd——45 V) (). 40 and 15us  Which the quite broad bookshelf or the deformed v-chevron
time resolutions fofa) and(b), respectively. Dotted lines show the Structure is realized without the h chevron after turning off
time when the applied field changes. Note that the sampling tim¢he field. The single peak at the low voltage in a reversible
(abscisspis not equal interval. process in Fig. (b) also supports this structure. The type
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layer structure is inferred from Figs(3a and 35-b) by  conics disappear. It is noted, however, that the surface mol-
considering that the h-chevron area increases to make up tleeule does not completely follow the applied field due to the
decrease in the v-chevron part. The origin of tyesnd D resistive anchoring. Thus the perfect bookshelf structure is
might be due to the difference in the surface treatment and/@eldom observed. Furthermore, surface molecules arrange
the history of the applied field. again after a long interval so that they can become parallel to
The quasistatic reversible layer deformation is illustratecthe rubbing direction slowlyuppermost figure of Fig. )5
in Figs. 15e) and 15f) for the high and low fields, respec- Various types of so-called stripe textures are observed after
tively (see Figs. 6 and)7When the quasibookshelf is real- the generation of the needle defect; the layer structure, how-
ized at the low fieldtype S, the layer bends along the cell ever, is different among them. The triple peak in thprofile
depth[Fig. 15f-1)]. With increasing field, the bulk layer for the stripe texture obtained with conventional x-ray ex-
tends to be upright while the surface layer stays almost at thperiments has been interpreted as the v chevron with the
same position, resulting in the appearance of the surface ookshelf at the center of the celilouble-kink structure
chevron at the apex of the h chevron, which enables thg9,17,19. From the present results, the bookshelf region
smooth layer connectiofFig. 15e-1]. The v-chevron part might be interpreted as a part of the h cheviBiy. 15d)] in
corresponds to the small hump appeared in the time-resolveshme cases.
w profile. When the layer is the deformed h chevron even at
the low field (type D), the layer response to the electric field
is the increase in the h-chevron angle and the appearance of
the weak v-chevron component at the high figfdg. 15e- During the reversible layer transformation process, the
2)]. The present results directly show the importance of theayer at the surface is assumed to stay almost at the same
substrate surface effect during the h-chevron formation.  position due to the surface anchoring, while the bulk layer
After the electric field is turned off, the typ® structure  (moleculg responds to the applied field under this boundary
becomes the broad quasibookshelf or the strongly modified ¥gngition. At the low field, the so-called quasibookshelf
chevron as seen in Figs(al and 4d). For the typeD struc-  girycture seems to be realizEigs. 6, 7, and 16)]. The
ture, the layer is similar to the mostly h-chevron structure,q,, fie|q structure, however, is expected to be the v chevron,
shown n Fig. 180-2) but W'th the distortion along the d_epth_. if constantdc* is assumed, since the high electric field struc-
In Fig. 15, the layer is assumed to be_ symmetric \.N'thture is mainly the h chevrofFig. 15e)]. Furthermore, even
respect to the center of the cell for simplicity. In practice, : . .
however, the layer might be asymmetric due to the dif'ferencé"uc.t?r turning off the field, the perfect v chevron as seen in the
: ' Y 9 y : : JInitial state was not observed. The layer structure at the low
in the surface treatment, macroscopically and mICI’OSCODI];. di lained as foll . he h v b
cally, for upper and lower substrates. ield is explained as follows. Smce_t e homogeneously bent
layer is energetically unfavorable in the smectic phase, the
broad peak in thev profile indicates the introduction of the
layer imperfection; i.e., the alignment condition is partly de-
The possible origin of the observed layer deformation isstroyed by the high-field treatment. In other words, as is well
discussed in terms of the electric torque, the substrate surfag@own, the good alignment is necessary to realize the v
anchoring, and the molecular orientation. In the following cheyron. Even when the macroscopic alignment condition is
discussion, the conservation of the layer spacing is assumegeteriorated, however, the v chevron may be locally realized
at least near the surface to keep the layer spacing constant.
From these discussions, the quasibookshelf structure ob-
For the generation and the growth of the needle defectserved at the low field seems to be the imperfect v-chevron
the surface molecule is not necessary to change orientatiostructure.
Thus, the needle defect is easy to gifd®,24. With increas- The electric torque makes the layer upright resulting in
ing electric field, the angles and y became small simulta- the h-chevron formation at the high field, whereas the surface
neously[Fig. 15d)] in contrast to the proposed layer struc- anchoring tends to align the v-chevron layer. The difference
ture in which the h chevron grows continuously with in the transient layer response between the falling and rising
increasing applied voltage 2]. The layer spacing along the edges observed in Figs. 9 and 10 can be explained by these
rubbing direction at the substrate surfateis given byds  two forces. At the rising edge, the molecule should overcome
=dc*/cosés cosy, wheredc* =dacosd is the smectic layer the surface anchoring, while the anchoring force alone exists
spacing,dais the molecular length, anéis the cone angle. at the falling edge. Thus, in the FLCs, the transient time at
At the initial and low-field stages, the anglésand y are  the rising edge is slower than that at the falling edge.
close todindicatingds~da. The decrease in bothandy is Under both triangular- and step-form electric fields, the
the clear and direct evidence of the rearrangement of thlyer transformed depending on the electric field, while the
surface molecule; thudsreduces. This process is induced by optical response showed the well-known memory effect
the increasing field-induced torque, which overcomes thé¢Figs. 8c) and 8c)]. In other words, the bulk molecular
surface anchoring. The competition between the electriposition moves while the molecular orientation remains
torque and the surface anchoring induces a strain in the bulkearly the same during the layer deformation. The time-
resulting in the appearance of dense focal co[fig. 2(c)]. resolved diffraction measurement clarified the molecular mo-
After the new layer structure forms at higher voltages, focakion that was not observed by the optical measurement alone.

2. Layer structure in the reversible transformation

B. Origins of the layer deformation

1. Stripe texture formation under electric field
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V. CONCLUSION Further studies of the static and dynamic details of the
The time-resolved x-ray microdiffraction measurementh'Chevron structure and its relation to the v chevron are nec-

clarified the local-layer structure response in FLC cells to theSsary to reveal the mechanism of the strilpe _texture forma-
electric field. The temporally and spatially resolvedand y t|on_ and to study the role of the layer ordering in the electro-
profiles can offer the information for the reconstruction of OPtical response. The effects of the polarity and the
the time dependent layer structure, which has been estimaté@§ymmetry of the electric field on the layer stability are also
from indirect observations. The initial v-chevron structureOf practical interest. Further experiments are now underway
changed to the combination of the v chevron and the h cheuto clarify these problems.

ron at relatively low electric field as the growth of the needle

defect. The chevron angles then reduced continuously with
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