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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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I. INTRODUCTION

The local-layer structures of ferroelectric liquid crysta
~FLCs! and antiferroelectric liquid crystals~AFLCs! and
their layer response to an electric field have attracted m
attention both from display device applications and fun
mental physics@1,2#. When the smectic-A (SmA) phase is
cooled down to the chiral smectic-C (SmC* ) phase, the re-
duction of the layer spacing is compensated by a vert
chevron ~v-chevron! structure in a surface-stabilized ce
@2–7#. Optical and electro-optical phenomena could be in
preted in terms of this v-chevron structure and its modifi
tion. Under the high electric field, an irreversible layer tra
sition from the initial v chevron to the so-calle
quasibookshelf structure was observed in both surfa
stabilized AFLC and FLC cells@9–11#. When observed with
a polarized optical microscope, the quasibookshelf struc
often accompanies the stripe texture that degrades the op
contrast for display applications. The stripe texture has b
discussed with regard to the horizontal chevron~h-chevron!
structure@12#. The h chevron is realized due to the intera
tion between the applied electric field and the spontane
polarization of the molecule. The h-chevron structures, ho
ever, are not restricted to the SmC* under the high-field
treatment, but also they were found in the FLC without t
field treatment@13# and in the electroclinic effect in the SmA
phase@12,14,15#. Recently, the v chevron to quasibooksh

*Present address: Nihon University, Surugadai, Kanda, Ch
daku, Tokyo 101-8308, Japan.
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transition has been also studied in detail by x-ray small an
scattering in relation to the ferroelectric, ferrielectric, a
antiferroelectric phases as a function of temperature and
electric field@16–19#. Since the h chevron is a laterally in
homogeneous layer structure in a cell, a spatially resol
x-ray technique is indispensable to directly determine
local-layer structure. Small angle x-ray scattering with a s
chrotron x-ray microbeam is the direct microscopic tec
nique and has proven to be quite effective for the charac
ization of smectic liquid crystals@20–25#.

Obviously, for the study of the electro-optical behavior
the FLCs and AFLCs, it is important to directly investiga
the dynamic as well as the static layer structure of the v
h chevrons in detail. The x-ray experiments having a mi
second~ms! to microsecond~ms! time resolution for the liq-
uid crystal layer determination, however, have been limi
in number. The layer responses from a few tens of micros
onds to sub-milliseconds were observed even under the
tively low electric field of a symmetric bipolar pulse@26,27#.
Recently, the local-layer structure in the AFLCs and its
sponse to the applied electric field were successfully reve
by time-resolved synchrotron x-ray microdiffraction@28,29#.

In this paper, the local-layer structure of the FLCs and
response to the electric field are investigated to reveal
dynamic interaction of the field with the local-layer structu
by x-ray small angle scattering with a fewmm spatial reso-
lution and a few tens ofms time resolution. Furthermore, th
orthogonalv- andx-angular dependences of diffracted inte
sities are fully utilized to study the field-induced layer tran
formation. Simultaneous observation of the optical respo
with the x-ray measurement also makes it possible to disc
the relationship between the molecular and the layer
-
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sponse. The quasistatic and transient layer transformat
for the triangular-form and the step-form electric fields,
spectively, are reported. The results are also discusse
relation to the AFLC layer response.

II. EXPERIMENT

The sample was TK-C101~Chisso! @23# sandwiched
between ITO-coated glass plates~150 mm thick! rubbed
on one side after coating a polyimide alignment film
The phase sequence of TK-C101 is iso(80 °
N* ~70 °C!SmA~56 °C!SmC* . The experiments were pe
formed in the SmC* phase at room temperature. Most of t
experiments were carried out with one-side rubbing ce
which is the same alignment condition as previous AF
experiments@28,29#. The cell gap was about 5–8mm. For
comparison, an AFLC sample~S!-TFMHPOBC @4-~1-
trifluoromethyl heptyloxycarbonyl!phenyl 48-octyloxy-
biphenyl-4-carboxylate# was also measured at the sam
sample temperature ofTc210° as previous experiment
@28,29#, whereTc is the phase transition temperature fro
SmA to SmCA* ~109 °C!.

The x-ray diffraction experiments were carried out
beam line 4A at the Photon Factory~PF!. The experimental
detail has been already reported in the previous paper@28#,
so only a brief description is given here. The beam size w
about 3(h)34(v) mm2 and the angular divergence of th
incident beam was about 1.0 mrad both in the horizontal
in the vertical direction. The incident x-ray energy was 8 k
~1.55 Å!. The diffraction geometry is schematically shown
Fig. 1~a!. The rubbing direction was set horizontally. Th
x-intensity distribution~x profile! on a position sensitive

FIG. 1. ~a! Experimental setup for synchrotron x-ray microbea
diffraction. ~b! Sample coordinates for the smectic layer norm
The angled is the tilt angle or the vertical chevron angle.g is the
in-plane deflection angle or the horizontal chevron angle when
chevron structure is periodic.
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proportional counter was collected simultaneously. T
v-scan intensity profile~v profile! was obtained by rotating
the sample around a vertical axis~Y!. The v intensity is the
integrated intensity with respect tox in the present paper. No
absorption correction for the cell glass plates was made.
layer deflection anglesd andg are defined in Fig. 1~b!.

The optical response was obtained by a photomultip
attached to anin situ polarized microscope during the x-ra
measurement, though the optical measurement area
about 100mm in diameter and was much larger than t
x-ray microbeam size.

A triangular-form~5 Hz,61–665 V! or a step-form~25–
100 Hz, 645–665 V! electric field was applied to the
sample. The time-resolvedv profile andx profile were ob-
tained with an MCS~multichannel scaler! mode and a gated
MCA ~multichannel analyzer! mode, respectively. A mini-
mum dwell time for the MCS mode was 10ms. In the gated
MCA mode, thex profiles at eight sampling points in on
cycle of the applied field were collected with a minimu
time resolution of 10ms. MCS and MCA data were summe
within a measurement time.

III. RESULTS

A. Time integrated spatial distribution of the diffraction
profile

The time integrated spatial distribution of the x-ray d
fraction profile from TK-C101 was measured as a function
an applied voltage~Fig. 3! together with thein situ observa-
tion of the texture by a polarized optical microscope~Fig. 2!.

Figures 3~1-a! and 3~1-b! show series ofv andx profiles,
respectively, across the narrow wall at an initial state bef
the field application. The v-chevron structure~peaks at
v5621°) is clearly seen in Fig. 3~1-a!. The peaks that ap

.

e

FIG. 2. Polarized optical micrographs of textures of the init
stage before field application~a!, 618 V ~b!, 628 V ~c!, and660 V
~d! under the triangular wave form~5 Hz!. The sample was TK-
C101. The cell thickness was about 7.5mm. The measurement wa
done at room temperature. The rubbing direction was set horiz
tally. White arrows show the direction and the region of the x-r
measurement shown in Fig. 3. A scale mark is 100mm. ~Weak gray
arrows show points of measurements during the experiments.!
6-2
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peared inx profiles @Fig. 3~1-b!# are due to a pair of the
narrow wall of a zigzag defect observed in Fig. 2~a!. Thus,
the v-chevron angle~d! and the in-plane deflection angle
the narrow wall~g! are 21° and 22°, respectively.

When the triangular electric field with a frequency of
Hz was applied to the sample, most of the narrow walls
the view field disappeared up to65 V @8# and the new line
defect~needle defect@20,23#, hereafter! appeared above610
V. The needle defect usually appeared from a broad wall,
tip of a narrow wall or a spacer edge. At618 V @Fig. 2~b!#,
the needle defect develops and the so-called stripe textu
formed. A series of thev profiles @Fig. 3~2-a!# shows broad
but weak peaks~v-bookshelf components, hereafter! be-
tween the v-chevron peaks. Thex-intensity distribution@Fig.

FIG. 3. Series ofv profiles~a! andx profiles~b! as a function of
the vertical position~Y direction!. ~1-a! and ~1-b! were obtained
before the field application.~2-a! and ~2-b!, ~3-a! and ~3-b!, ~4-a!
and ~4-b!, and ~5-a! and ~5-b! were obtained during the triangula
field of 618, 630, 640, and660 V, respectively.~6-a! and ~6-b!
were obtained after turning off the field. Thex profiles were ob-
tained atv50° except for~2-b! wherev525.8° ~see text!. The
scanning step in theY direction was 4mm. The darker part corre
sponds to the higher diffracted intensity. X-ray intensities were n
malized by the highest intensity in each figure.
05170
n

e

is

3~2-b!# obtained atv525.8° ~peak ofv-bookshelf compo-
nent! shows the alternate intensity variation between the l
and high angles indicating the nearly periodic needle-de
formation~h-chevron growth!. The anglesd andg are almost
the same as in the initial state.

By increasing the applied voltage, the needle defect
ther develops and covers the whole area as shown in
2~c!. It is also noted that dense focal conics appear in
needle defect~or stripe! reflecting the strain field. The inten
sity modulation in Figs. 3~3-a! and 3~3-b! is about 8–10mm
in period, which is close to the cell thickness. Above t
applied voltage of around630 V, the spatial period of the
x-profile modulation is almost unchanged. The anglesd and
g become small and the FWHM~full width at half maxi-
mum! of the v-chevron peak in thev profile slightly in-
creases up to 1° from the initial one~about 0.4°! indicating
the strain introduction.

Up to 650 V, the stripe texture progressively covers t
whole sample area and the focal conics density increa
With increasing applied voltage, the anglesd andg become
small and the v-chevron intensity further becomes weak
shown in Figs. 3~4-a! and 3~4-b!. It is noted, however, tha
the v-chevron structure still remains at this stage.

Above 650 V, the contrast of the stripe texture becom
very weak and focal conics disappear@Fig. 2~d!#. Thev pro-
files obtained at660 V @Fig. 3~5-a!#, which is the highest
applied voltage for this sample show a sharp peak neav
50° and are almost independent of the position. Thex pro-
files @Fig. 3~5-b!#, however, show the alternate intensity di
tribution from position to position. The angleg decreases
down to 5° on an average.

When the electric field is turned off, thev profile be-
comes broad and the angleg becomes small~3°! as shown in
Figs. 3~6-a! and 3~6-b!. Compared to the initial state, th
local-layer structure is irreversibly transformed. Thev pro-
file looks like the quasibookshelf or the strongly modifie
v-chevron structure.

A series of time integrated spatial distributions in Fig.
has revealed the local-layer structure in a microscopic sc
The detail of the layer structure, however, seems to dep
on the sample and the history of the field application. Fig
4 shows the other typicalv and x profiles from a different
sample for the high applied field@Figs. 4~a! and 4~b!# and
after turning off the field@Figs. 4~c! and 4~d!#. Thev profiles
at the high voltage~650 V! show the single peak@Fig. 4~a!#
similar to Fig. 3~5-a!, while the x profiles in Fig. 4~b! are
broader than those in Fig. 3~5-b! and the periodic structure i
not so clear. After turning off the field, this type of th
sample shows a single peak in thex profile @Fig. 4~d!# in
contrast to the alternate two peaks shown in Fig. 3~6-b!,
while thev profile @Fig. 4~c!# is similar to Fig. 3~6-a!. For all
these differences among samples, the local-layer struc
after turning off the field is characterized by the broaden
of thev profile and the narrowing of the chevron angleg or
a single peak in thex profile. Hereafter, the layer structure
in Figs. 3 and 4 are referred to as the typeD and typeS,
indicating the double and single peaks in thex profile after
turning off the field, respectively.

r-
6-3
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To summarize the layer deformation process, thev andx
profiles in Fig. 3 are summed forY positions~temporally and
spatially integrated profiles, Fig. 5!. The irreversible v chev-
ron to the quasibookshelf transformation inv profiles @Fig.
5~a!# well agrees with previous x-ray diffraction experimen
@8,10,17,19#, while the simultaneousx-profile measuremen
clearly indicates various stages of the h-chevron formatio

Finally, the layer transformation having a long relaxati
time is mentioned. Uppermost profiles in Fig. 5~long! are

FIG. 4. Series ofv profiles @~a! and ~c!# and x profiles atv
50° @~b! and ~c!# as a function of the vertical position across t
stripe. Under the650 V field application@~a! and ~b!# and after
turning off the field@~c! and~d!#. The sample thickness was 6mm.

FIG. 5. Summary of the time integratedv profile ~a! and x
profile ~b!. From618 V to E off ~after turning off the electric field!,
the diffracted intensities were obtained by integrating over the
sition from series ofv andx profiles~Fig. 3!. For the initial profile,
the x profile ~broken line! was measured during thev-profile mea-
surement at the center of the narrow wall~integrated overv angle!.
Uppermost profiles~long! were obtained from a different sample
a single position~no spatial integration! after a long interval without
electric field application.
05170
.

obtained after a long time interval~about four months! with-
out electric field application. Poor statistics are due to
lack of the spatial integration in this case. Multiple bro
peaks in thev profile indicate the partial recovery of th
v-chevron structure. The layer relaxation seems to proc
quite slowly.

B. Quasistatic response

The time-resolved experiments under the quasistatic c
dition were performed with a 5-Hz triangular wave for th
sample after the irreversible transition, i.e., time-resolv
measurements of Figs. 3~5-a! and 3~5-b!. Figures 6~a! and
6~b! show the time-resolved MCS-modev profiles from the
sample used in Fig. 3 for one cycle of applied voltage~660
V amplitude! as a function of time for different position
~8-mm apart in theY position!. In Fig. 6~a!, a single peak
nearv50° at the high field shifts to the low angle by abo
1° and becomes broad at the low field. In Fig. 6~b!, a weak
hump appears at the low angle side and it shifts to low
angles with increasing voltage, and the broad double p
appears at low voltage. These two patterns, Figs. 6~a! and
6~b!, appeared from position to position in theY direction
alternately. Figure 6~c! shows thev-profile intensity nearv
50° obtained from Fig. 6~b! as a function of the applied
voltage ~voltage-dependent profile!. The intensity has
maxima at around630 V and decreases at lower and high
applied voltages. The decrease in the intensity is comp
sated by the low-angle weak hump at the high field, wh
naturally, it is due to the shift and broadening of thev-profile
peak at the low field. The layer response is different from
optical one.

Although Figs. 6~a! and 6~b! are the typical time-resolved
v profiles for the triangular wave, several types of thev
profile seem to appear at the low field from various samp
and positions: the asymmetric broad peak@tilted bent book-
shelf, Fig. 6~a!#, the broad double peak@modified v chevron,
Fig. 6~b!# and the symmetric broad peak~quasibookshelf!.
The common feature of these is the broad profile. It is a
noted that the FWHM of thev profile after turning off the
field @Fig. 3~6-a!# is broader than that at 0 V during the a
field application. Therefore, the layer response under the
angular field~5 Hz! is a quasistatic process.

The time-resolved MCA-modex profile shows remark-
able profile change during the field application. Figures 7~a!
and 7~b! are obtained from different samples. In Fig. 7~a!,
the angular separation of about 10° of the double peak at
high field (g;5°) decreases down to 4°–5° at the low fie
(g;2°) while, in Fig. 7~b!, the double peak at the high fiel
changes continuously to the single peak at the low fie
Figures 7~a! and 7~b! relate to the typeD and typeS layer
transformations, respectively. In practice, the time dep
dence of the typeS @Fig. 7~b!# is more frequently observed
The positional dependence of the time-resolvedx profile
showed the alternate low- and high-angle peaks.

The reversible layer response such as shown in Fig
and 7 started whend and/or g became less than;10° or
dense focal conics disappeared. Below that voltage, no c

-
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spicuousx-profile response to the applied field was o
served.

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

C. Transient response

The transient layer response was investigated unde
step-form electric field~25 Hz, 660 V!. The time-resolved
MCS-modev profile for one cycle of the field is shown i

FIG. 6. Time-resolved MCS-modev profiles for one cycle of
the triangular wave form~5 Hz! @~a! and ~b!#. ~a! and ~b! were
obtained from the sample used in Fig. 3 at positions 8mm apart in
the Y direction. An inset in~a! shows the wave form applied to th
sample. The maximum applied voltage was660 V. The time reso-
lution was 1 ms. The data for the last 2.5% of one cycle are lack
due to the limitation of the timing control procedure for prese
electronics.~c! The applied voltage dependence of thev-profile
intensity nearv50° ~voltage-dependence profile! obtained from
~b!. The optical transmittance is also shown.
05170
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Fig. 8~a!. The v profiles at the high and low fields, tim
integrated for 3 ms of Fig. 8~a!, are shown in Fig. 8~b!. A
strong peak nearv50° and weak humps nearv564° at
the high field, and a broad single peak at the low field
seen. The time dependent integrated intensity of thev profile
@integrated Fig. 8~a! from v520.6° to v51.6°] shown in
Fig. 8~c! remains nearly constant at the high field, while th
at the zero-voltage region shows the slow fluctuation, up t
few milliseconds after the field change. The correspond
optical response in Fig. 8~c! shows the memory effect whe
the electric field is turned off~160–0 V, falling edge! and
the sharp decrease when the field is turned on~0–60 V, rising
edge!. Figures 9~a! and 9~b! show the detailed intensity
variation atv50° and 0.4° at the falling edge and the risin
edge, respectively. At the falling edge, the decrease of
v-profile intensity depends on thev angle, while at the rising
edge the intensity increase seems to be independent of tv
angle. The transient time in the time-resolvedv profile,
when it is defined by the time interval during which thev
intensity in Fig. 9 levels off after the electric field change,
ca. 0.2–0.4 ms for the falling edge and about 0.5 ms for
rising edge. The optical transient time is about 30ms at the
rising edge for this sample@Fig. 8~c!# and usually less than
0.1 ms; it is shorter than the layer transient time.

The time-resolvedx profiles for falling edge and rising
edge are shown in Figs. 10~a! and 10~b!, respectively. The
time-resolvedx profiles have the double peak and the sing
peak at the high and the low voltage, respectively, and t
correspond well to the quasistatic time-resolvedx profile
shown in Fig. 7. The response time in thex profile, during
which the major profile change occurs after the applied fi
change, is 0.1–0.2 and 0.3–0.4 ms for the falling edge
the rising edge, respectively. The response time for thx
profile is slightly shorter than the transient time for thev

g
t

FIG. 7. Time-resolved MCA-modex profiles for a half cycle of
the triangular wave form@5 Hz, see the inset of Fig. 6~a!#. ~a! and
~b! were obtained for different samples and the maximum app
voltages were660 and 650 V, respectively. Both profiles were
obtained nearv;0°. 10 ms time resolution. Note that the sam
pling times~abscissa! are not at equal intervals.
6-5
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profile. This might be caused by the following reasons; thev
profile is the integrated intensity for thex angle in the
present experiment resulting in the insensitive response,
the marked change in the layer structure is closely relate
the h chevron rather than the v chevron~or the layer defor-
mation around theY axis!. In practice, the slow intensity
variation in thex profile ~more than 1 ms! was observed and
it corresponded to the slowly varying part of thev profile.

D. AFLC response

An AFLC sample TFMHPOBC was also measured w
the same technique. At the initial stage before the field

FIG. 8. ~a! Time-resolved MCS-modev profiles for the step-
form electric field~25 Hz, 660 V!. 0.04 ms time resolution. An
inset shows the wave form applied to the sample.~b! v profiles
integrated over 3 ms around 60 V~solid! and 0 V~broken!. Arrows
show humps that appeared at160 V applied voltage.~c! The time
dependence of thev-profile integrated intensity aroundv
50.2° – 1° obtained from~a!. An optical transmittance is also
shown.
05170
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plication, the sample showed the stripe texture which wa
combination of the v and the h chevron@28#. Figure 11
shows the applied voltage dependences of the anglesd andg
for TFMHPOBC together with those for TK-C101. A clea
threshold voltage for TFMHPOBC~AFLC! in contrast to the
gradual layer change in TK-C101~FLC! agrees with previ-
ous experiments@9,17–19#. It is noted that not onlyd but
alsog shows the similar voltage dependence. The thresh
voltage relates to the onset of the ferroelectric state.

During the reversible layer transformation under the
angular wave form~5 Hz,665 V!, the time-resolved MCSv
profile @Fig. 12~a!# shows the triple peak at the low field an
the single peak at the high field. The corresponding tim
resolvedx profile @Fig. 12~c!# shows that the two peaks a
the high field~50 and 140 ms!, though the low-angle peak
~around x;21.5°) is quite weak in this case, become

FIG. 9. X-ray intensity near the falling~160–0 V! ~a! and rising
~0–260 V! ~b! edges obtained from Fig. 8~a! for v50° ~s! and
v50.4° ~d!. Dotted lines show the time when the applied fie
changes.

FIG. 10. ~a! and~b! are time-resolved MCA-modex profiles for
the falling edge~160–0 V! and the rising edge~0–260 V!, respec-
tively, of the step-form electric field~50 Hz,660 V!; 0.1 ms time
resolution. Dotted lines show the time when the applied fi
changes.
6-6
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DYNAMIC LOCAL-LAYER RESPONSE OF SURFACE- . . . PHYSICAL REVIEW E 67, 051706 ~2003!
single peak at the medium field~60, 80, and 130 ms! and that
the two peaks appear again in the low field~90–110 ms!. The
angular separation between the two peaks at the low fie
wider than that at the high field. From Figs. 12~a! and 12~c!,
the layer structure is approximately described as the h ch
ron at the high field, the quasibookshelf at the medium fie
and the combination of the h and v chevrons at the low fie
Compared to TK-C101 results and the similarity between
optical response and the diffraction intensity@Fig. 12~b!#, it
was confirmed that the layer structure of TFMHPOBC a
pearing in the high and medium fields corresponds to
ferroelectric state. The appearance of the low-field h chev
is closely related to the antiferroelectric state due to the fie
induced phase transition. It is noted that the x-ray diffract
profile shows the double hysteresis similar to the optical
sponse of AFLCs@2,9#, indicating again the important role o
layer motion in the electro-optical response.

The transient layer response under the step-form ele
field ~100 Hz,645 V! shows the different behavior betwee
the falling and rising edges. At the falling edge@Figs. 13~a!
and 14~a! for v andx profiles, respectively#, the ferroelectric
structure gradually changes to the antiferroelectric one, w
at the rising edge@Figs. 13~b! and 14~b!# the layer structure
suddenly changes within a present time resolution. The t
sient time, during which the h chevron of the antiferroele
tric and the ferroelectric phases for the falling (Tf) and rising
(Tr) edges, respectively, appears after the field change,
pends on the sample. Typically,Tf andTr were 0.1–0.3 and
0.02–0.08 ms, respectively, and corresponded to the s
component of the field-induced phase transition@30#. The
quick response ofTr is closely related to the field-induce
phase transition. The layer transient time was as fast as
optical response time.

FIG. 11. Applied voltage dependences of the chevron angd
~j,h! andg ~d,s!. ~a! and~b! are for TK-C101~FLC! and TFM-
HPOBC ~AFLC!, respectively. The bar shows the FWHM of ea
peak.
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IV. DISCUSSION

A. Layer structure under the electric field

Since a series of spatially and time-resolvedv- and
x-diffraction profiles was measured, the irreversible and
versible layer transformations of the surface-stabilized FL
under the electric field can be discussed as shown in Fig.

At the initial state, the layer structure is the v chevr
with a zigzag defect@Fig. 15~a!#. The irreversible layer trans

FIG. 12. ~a! Time-resolved MCS-modev profiles for one cycle
of the triangular wave form~5 Hz, 665 V! for TFMHPOBC. The
applied wave form is shown in an inset. 0.5 ms time resoluti
~b! The applied voltage dependence of thev-profile intensity near
v50° ~voltage-dependence profile! from ~a!. The optical transmit-
tance is also shown.~c! Time-resolved MCA-modex profiles ob-
tained atv510.2°. 5 ms time resolution. The time from 50 t
150 ms corresponds to the applied voltage from165 to 265 V.
Note that the sampling time~abscissa! is not equal interval. The
sample thickness was 5.5mm.
6-7
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formation with increasing electric field consists of tw
stages. When the electric field is first applied to the sam
the electric torque makes the layer upright resulting in
needle-defect generation@Fig. 15~b!#. The in-plane deflection
angleg is nearly equal to the v-chevron angled at this stage,
though the layer bends along the depth. With an increas
applied voltage, the nearly periodic structure consisting
the alternate v chevron and h chevron is achieved@Fig.
15~c!#. These structures are deduced from the data show
Figs. 3~1-a,b! and 3~2-a,b! and each layer structure has a
ready been discussed@12,21,22#.

With further increase of the applied voltage, bothd andg
reduce gradually and simultaneously. There are, at least,

FIG. 13. Time-resolved MCS-modev profiles for the step-form
electric field~100 Hz,645 V! from TFMHPOBC around the falling
edge~145–0 V! ~a! and the rising edge~0–245 V! ~b!. 10 ms
time resolution. Dotted lines show the time when the applied fi
changes. The sample thickness was about 4mm.

FIG. 14. Time-resolved MCA-modex profiles for the step-form
electric field~50 Hz,645 V! from TFMHPOBC for the falling edge
~145–0 V! ~a! and the rising edge~0–245 V! ~b!. 40 and 15ms
time resolutions for~a! and~b!, respectively. Dotted lines show th
time when the applied field changes. Note that the sampling t
~abscissa! is not equal interval.
05170
e,
e

g
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in

o

types of the surface layer structure: either the layer inters
tion at the substrate surface is straight@type S, Fig. 15~b-1!#
or a part of the surface layer is folded@typeD, Fig. 15~b-2!#.
The surface layer of the typeD has partly changed to the
chevron. The typeS structure is deduced from Fig. 4, i
which the quite broad bookshelf or the deformed v-chev
structure is realized without the h chevron after turning
the field. The single peak at the low voltage in a reversi
process in Fig. 7~b! also supports this structure. The typeD

d

e

FIG. 15. Schematic representation of the local-layer structur
the FLC cell under the ac electric field. The initial v-chevron stru
ture with narrow walls~a!, the generation of the needle defect~b!,
the development of the needle defect and the formation of the s
texture ~c!, and the transformation of the stripe texture~d!. The
reversible layer transformations are shown in~e! and~f! for the high
(Ehigh) and low (Elow) electric fields, respectively.~d-1!–~f-1! and
~d-2!–~f-2! correspond to the typeS and typeD layer transforma-
tions ~see text!. All chevron angles are exaggerated and the la
deformation, especially along the depth, is simplified. Thin dot
lines are a guide for eyes to show the folding direction.
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layer structure is inferred from Figs. 3~5-a! and 3~5-b! by
considering that the h-chevron area increases to make u
decrease in the v-chevron part. The origin of typesS andD
might be due to the difference in the surface treatment an
the history of the applied field.

The quasistatic reversible layer deformation is illustra
in Figs. 15~e! and 15~f! for the high and low fields, respec
tively ~see Figs. 6 and 7!. When the quasibookshelf is rea
ized at the low field~type S!, the layer bends along the ce
depth @Fig. 15~f-1!#. With increasing field, the bulk laye
tends to be upright while the surface layer stays almost at
same position, resulting in the appearance of the surfac
chevron at the apex of the h chevron, which enables
smooth layer connection@Fig. 15~e-1!#. The v-chevron part
corresponds to the small hump appeared in the time-reso
v profile. When the layer is the deformed h chevron even
the low field~typeD!, the layer response to the electric fie
is the increase in the h-chevron angle and the appearan
the weak v-chevron component at the high field@Fig. 15~e-
2!#. The present results directly show the importance of
substrate surface effect during the h-chevron formation.

After the electric field is turned off, the typeS structure
becomes the broad quasibookshelf or the strongly modifie
chevron as seen in Figs. 4~c! and 4~d!. For the typeD struc-
ture, the layer is similar to the mostly h-chevron structu
shown in Fig. 15~b-2! but with the distortion along the depth

In Fig. 15, the layer is assumed to be symmetric w
respect to the center of the cell for simplicity. In practic
however, the layer might be asymmetric due to the differe
in the surface treatment, macroscopically and microsco
cally, for upper and lower substrates.

B. Origins of the layer deformation

The possible origin of the observed layer deformation
discussed in terms of the electric torque, the substrate sur
anchoring, and the molecular orientation. In the followi
discussion, the conservation of the layer spacing is assum

1. Stripe texture formation under electric field

For the generation and the growth of the needle def
the surface molecule is not necessary to change orienta
Thus, the needle defect is easy to grow@12,24#. With increas-
ing electric field, the anglesd andg became small simulta
neously@Fig. 15~d!# in contrast to the proposed layer stru
ture in which the h chevron grows continuously wi
increasing applied voltage@12#. The layer spacing along th
rubbing direction at the substrate surfaceds is given byds
5dc* /cosd cosg, wheredc* 5da cosu is the smectic layer
spacing,da is the molecular length, andu is the cone angle
At the initial and low-field stages, the anglesd and g are
close tou indicatingds;da. The decrease in bothd andg is
the clear and direct evidence of the rearrangement of
surface molecule; thusdsreduces. This process is induced
the increasing field-induced torque, which overcomes
surface anchoring. The competition between the elec
torque and the surface anchoring induces a strain in the
resulting in the appearance of dense focal conics@Fig. 2~c!#.
After the new layer structure forms at higher voltages, fo
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conics disappear. It is noted, however, that the surface m
ecule does not completely follow the applied field due to
resistive anchoring. Thus the perfect bookshelf structure
seldom observed. Furthermore, surface molecules arra
again after a long interval so that they can become paralle
the rubbing direction slowly~uppermost figure of Fig. 5!.
Various types of so-called stripe textures are observed a
the generation of the needle defect; the layer structure, h
ever, is different among them. The triple peak in thev profile
for the stripe texture obtained with conventional x-ray e
periments has been interpreted as the v chevron with
bookshelf at the center of the cell~double-kink structure!
@9,17,19#. From the present results, the bookshelf reg
might be interpreted as a part of the h chevron@Fig. 15~d!# in
some cases.

2. Layer structure in the reversible transformation

During the reversible layer transformation process,
layer at the surface is assumed to stay almost at the s
position due to the surface anchoring, while the bulk lay
~molecule! responds to the applied field under this bounda
condition. At the low field, the so-called quasibooksh
structure seems to be realized@Figs. 6, 7, and 15~f!#. The
low-field structure, however, is expected to be the v chevr
if constantdc* is assumed, since the high electric field stru
ture is mainly the h chevron@Fig. 15~e!#. Furthermore, even
after turning off the field, the perfect v chevron as seen in
initial state was not observed. The layer structure at the
field is explained as follows. Since the homogeneously b
layer is energetically unfavorable in the smectic phase,
broad peak in thev profile indicates the introduction of th
layer imperfection; i.e., the alignment condition is partly d
stroyed by the high-field treatment. In other words, as is w
known, the good alignment is necessary to realize th
chevron. Even when the macroscopic alignment conditio
deteriorated, however, the v chevron may be locally reali
at least near the surface to keep the layer spacing cons
From these discussions, the quasibookshelf structure
served at the low field seems to be the imperfect v-chev
structure.

The electric torque makes the layer upright resulting
the h-chevron formation at the high field, whereas the surf
anchoring tends to align the v-chevron layer. The differen
in the transient layer response between the falling and ris
edges observed in Figs. 9 and 10 can be explained by t
two forces. At the rising edge, the molecule should overco
the surface anchoring, while the anchoring force alone ex
at the falling edge. Thus, in the FLCs, the transient time
the rising edge is slower than that at the falling edge.

Under both triangular- and step-form electric fields, t
layer transformed depending on the electric field, while
optical response showed the well-known memory eff
@Figs. 6~c! and 8~c!#. In other words, the bulk molecula
position moves while the molecular orientation rema
nearly the same during the layer deformation. The tim
resolved diffraction measurement clarified the molecular m
tion that was not observed by the optical measurement al
6-9
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V. CONCLUSION

The time-resolved x-ray microdiffraction measureme
clarified the local-layer structure response in FLC cells to
electric field. The temporally and spatially resolvedv andx
profiles can offer the information for the reconstruction
the time dependent layer structure, which has been estim
from indirect observations. The initial v-chevron structu
changed to the combination of the v chevron and the h ch
ron at relatively low electric field as the growth of the need
defect. The chevron angles then reduced continuously w
increasing electric field. After the irreversible layer transf
mation, the transition between the h chevron with a sm
v-chevron part~high field! and the so-called quasibookshe
~low field! occurred reversibly during the ac field applic
tion. The low-field quasibookshelf seems to be the imperf
v-chevron structure. The electric torque and the surface
choring are major driving forces for the reversible lay
transformation. Time-resolved measurements also reve
the difference in the response between the local layer and
molecular orientation. The reversible transformation proc
in the FLC cell corresponds well to that in the ferroelect
state of the AFLC cell.
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Further studies of the static and dynamic details of
h-chevron structure and its relation to the v chevron are n
essary to reveal the mechanism of the stripe texture for
tion and to study the role of the layer ordering in the elect
optical response. The effects of the polarity and t
asymmetry of the electric field on the layer stability are a
of practical interest. Further experiments are now underw
to clarify these problems.
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