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Molecular orientation near the surface of a smectic liquid crystal cell showing V-shaped switching
by means of attenuated total internal reflection ellipsometry

Shinya Ikeda, Toyokazu Ogasawara, Michi Nakata, Yoichi Takanishi, Ken Ishikawa, and Hideo Takezoe
Department of Organic and Polymeric Materials, Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo 152-8552, Ja
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Attenuated total internal reflection ellipsometry was used to probe the molecular orientation and switching
near the surface of a smectic liquid crystal cell showing V-shaped switching. We find that the switching occurs
collectively near the surface as in the bulk. The molecules form a twisted state, but the twist angle relative to
the bulk layer normal is small because of compensating twist of the smectic layer normal. As a result, a rather
uniform molecular orientation is produced, resulting in high extinction and a high contrast ratio in the absence
of a field.
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I. INTRODUCTION

Recent developments in the display industry have sol
most of the technological problems in realizing ideal liqu
crystal displays~LCDs!. One of the problems that still re
mains is switching speed. The demand for fast switching
extremely important for the application of LCs in LCD tel
visions. Ferroelectric and antiferroelectric LCDs~FLCDs
and AFLCDs! may provide solutions to the speed proble
In fact, FLCs and AFLCs with threshold characteristics ha
been proposed for use in passive matrix displays and stu
extensively. However, they are essentially on-off devices
that displaying gray levels and achievement of full color a
difficult. On the other hand, significant advances in t
manufacturing of thin film transistors~TFTs! have made
TFT technology available at relatively low cost. From th
viewpoint, active matrix displays using FLCs and AFLCs
TFT are quite promising. In this display mode, continuo
transmittance changes in FLC and AFLC cells are utilized
conjunction with a threshold behavior using TFT. So f
several types of electrooptic switching modes for act
FLCDs and AFLCDs have been proposed such as V-sha
switching @1–3#, monostable switching@4,5#, and deformed
helix FLC @6# modes. Among them, V-shaped switching h
attracted considerable attention because of extensive dis
sion on the mechanism for particular molecular orientat
and switching@1–3,7–19#.

V-shaped switching was first demonstrated by Inuiet al.
@1# in a three-component mixture. This mode is characteri
by seven factors:~1! threshold free,~2! domain free,~3! hys-
teresis free,~4! high contrast ratio,~5! wide viewing angle,
~6! high speed, and~7! low applied voltage. The switching
mechanism was first interpreted by the existence of a hy
thetical tilted smectic phase with molecules randomly o
ented on a smectic cone@1–3,7#. The explanation was tha
the azimuthal randomness of molecules gives a complete
tinction between crossed polarizers, one of which is para
to the smectic layer, and an electric-field induced orien
tional change to a ferroelectric state occurs according t
two-dimensional Langevin process. However, this expla
tion is inconsistent with the experimental observations
Park et al. @8#. Their experiments included various optic
1063-651X/2001/63~6!/061703~7!/$20.00 63 0617
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techniques, such as birefringence and second-harmonic
eration~SHG! as a function of an electric fieldE, switching
current and polarized fourier-transformed infrared~FT-IR!
spectroscopy. They also carried out SHG interferome
measurements on which they proposed a model for the
lecular orientation in the absence of an electric field as w
as its dynamic response to a field. In this model they p
posed that projections of the layer normal and molecu
director onto the glass substrate are coincident in the abs
of a field and that the molecules switch collectively on t
half cone under application of an alternating electric fie
@9#.

Polarization charger given by 2div P, whereP is the
polarization, is considered to play a role in the explanation
how the director is stabilized parallel to the layer normal in
tilted smectic phase@9,10#. The scenario is as follows. Be
cause of a surface polar interactionP at the surfaces is fixed
inward or outward, so thatP is splayed throughout the ce
and hence the molecular director is in a twisted state.
minimize the polarization charge effect caused by
splayed polarization, the splayed regions are squeezed
from the center of the cell toward both surfaces, so that
tended uniform region emerges at the central part of the c
Then conflict between the polarization charge effect and
tortion energy accumulated at the surfaces takes place
simple simulation using the 434 matrix method suggest
that the thickness of splayed orientation must be confine
within 50 nm at both surfaces to obtain the contrast ratio
150:1 experimentally observed@11,12#. This confinement
produces large distortion energy, which would inevitably
lax the twisted molecular orientation to a less distorted o
entation. Recently Clarket al. @13# suggested the extrem
case in which perfectly uniform alignment is achieved
charge self-interaction.

The above argument suggests the importance of stu
on molecular arrangement and switching in the vicinity
surfaces. This motivated us to perform attenuated total in
nal reflection~ATIR! measurements. This method enables
to see the dynamic molecular motion near the surfaces
preliminary experiments, we observed that the molecu
switch collectively at surfaces as well as in the bulk@14#. In
this study, we perform ATIR experiments as a function
penetration depth and show that rotation of the directo
©2001 The American Physical Society03-1
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compensated by rotation of the layers to produce a quas
form state, leading to a high contrast ratio.

II. EXPERIMENTAL PROCEDURES

The material used in this study is the three-compon
mixture, that has been extensively used in V-shaped swi
ing experiments@1,2,8–12#. In the smecticX* (Sm-X* )
phase between 43 and 64 °C below Sm-A, V-shaped switch-
ing was observed. The sample was sandwiched between
mal and high-index (n51.87852) glass substrates. The i
dium tin oxide ~ITO! coated glass substrates were sp
coated with polyimide~PI, RN1175, Nissan Chemical! and
were rubbed unidirectionally. The thickness and refract
index of ITO were 51.0 nm and 1.860, respectively. Sil
beads of 0.97mm in diameter were used for fabricating cell
giving 1.6–1.8mm thick cells. Two rubbing directions wer
crossed by 20 °~see right bottom in Fig. 1!, since the layer
normal in the bulk is known to deviate from the rubbin
direction because of surface electroclinic effect. As shown
Fig. 1, the high-index glass was attached to high-index he
sphere prism~S-LAH58, Ohara,n51.87852! with matching
oil in-between~Series H-xx, Moritex, n51.891!. The cell
was located in an oven, that was designed so that tex

FIG. 1. Optical setup for ATIR measurements. The sample w
sandwiched between two~one normal and one high-index! glass
substrates, the latter of which was attached to a high-index he
sphere prism with matching oil. Under total internal reflection co
ditions p-polarized light (l5633 nm) was incident on the samp
and s-polarized reflected light was detected. The measurem
were carried out under the application of a triangular wave volt
~0.1 Hz! as a function of cell rotation angle about the surface n
mal at several incidence angles to vary penetration depth. The
geometry is also illustrated, where the cell rotation anglea and the
angleb specifying the molecular orientation (bM) or layer normal
direction (bL) are defined as illustrated and as positive for cloc
wise rotation. In the figure,a is positive andb is negative.
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observation and electrooptic measurements could be
sible.

The optical setup for ATIR measurements is shown
Fig. 1. A p-polarized light from a He-Ne laser~5 mW! was
focused before entering the hemisphere prism with a l
( f 5170 mm) and was collimated by the hemisphere pris
being incident to the cell under a total internal reflecti
condition. The collimated beam size was about 60mm in
diameter, so that the beam size being incident obliquely
the sample surface was about 120mm360mm. Three goni-
ometers with stepping motors were used to change the i
dence angle~Q scan for the sample stage and 2Q scan for
detection stage with an accuracy of 0.001 °! and to rotate the
cell about the cell surface normal~a scan with an accuracy
of 0.005°!. Careful optical alignment was necessary, partic
larly since the rotation axis ofQ-2Q scan is slightly shifted
from the prism surface depending on the incidence an
The polarization direction was also carefully adjusted. T
incident light was chopped~480 Hz! and a reflected
s-polarized light was detected by a diode through a focus
lens (f 580 mm) and was amplified by a lock-in amplifie
~EG&G, model 5210!.

The total internal reflection takes place for inciden
angles larger than 59.1 ° at the interface between ITO and
the refractive indices of which are 1.860 and 1.596, resp
tively. In the evanescent region, light intensity decreases
ponentially with distance from the interface. The penetrat
depth is defined as a length where the light intensity
creases to 1/e. In the present case, the evanescent reg
starts from the interface of ITO and PI. On the other ha
the reflection signal originates only from the anisotropic
gion, since isotropic media cannot change polarization s
of the reflected beam. In the present case, the reflection
nal is one order of magnitude smaller when the liquid crys
material is in the isotropic phase than that in the liquid cr
tal phase. This negligibly small signal originates from t
anisotropy of rubbed PI. To compensate this small contri
tion by the PI layer, the signal obtained in the isotropic pha
was subtracted from the signal in the liquid crystal phases
this way the resultant signal originates from the anisotro
liquid crystal layer. Therefore, we define the penetrat
depth as a length where the light intensity becomes 1/e of the
intensity at the interface between PI and LC. Since
change the incidence angle between 60° and 68°, the
etration depth varies between 462 and 154 nm. The meas
ments were made under static and dynamic conditions
function of cell rotation anglea, that is defined as the angl
between the optic plane and the rubbing direction at the
surface being positive for clockwise rotation of the rubbi
direction~see right bottom in Fig. 1!. For dynamic measure
ments,s-polarized reflected light intensity was detected a
certain anglea under the application of a triangular wave
0.1 Hz with 24 Vpp. The measurements were repeated a
changinga. The signals measured in the isotropic phase
eacha were used as a base line to eliminate all the con
bution except for the anisotropy of the liquid crystal.

III. SIMULATION

To understand the experimental results, let us first sh
the simulated results. The simulation was made in the SmA
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MOLECULAR ORIENTATION NEAR THE SURFACE OF THE . . . PHYSICAL REVIEW E63 061703
phase by applying the 434 matrix method to the total inter
nal reflection geometry. We neglected the anisotropy
alignment PI layer induced by rubbing and approximated
refractive index to be 1.5 and thickness to be 90 nm. T
other parameters used are as follows; the refractive indice
the liquid crystal for ordinary and extraordinary light ar
respectively, 1.5 and 1.64, the cell thickness 2mm and the
angle of incidence 68°. To be consistent with the experim
tal condition, the layer normal in the bulk was assumed to
along the bisector of the rubbing directions at the top a
bottom surfaces, i.e., 10° from both.

Figure 2~a! showss-polarized reflected light intensity as
function of cell rotation anglea. The simulation was made
for molecular orientations with various pretilt anglesup
50°, 2°, 5°, 10°, 15°, and 20°. If molecules lie parallel to
surface (up50°), zero reflectance is obtained at four ang
where molecules are parallel or perpendicular to the in
dence plane. If the director has a certain angle from the
face~pretilt angle!, the director is never perpendicular to th
incidence plane, so that two minima with zero reflectan
and two minima with finite reflectance would result. Wi
increasing pretilt angle, two minima increase and eventu
disappear leaving two peaks.

FIG. 2. Simulated reflectivity as a function of cell rotation ang
for cells of Sm-A ~a! with various pretilt anglesup and ~b! with
uniform molecular orientation and with a thin twist region of 2
over 50 nm near the surface.
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If the director is not uniformly oriented but twists in th
region near the surface, the pattern changes to that show
Fig. 2~b!. In this figure the transmittance is calculated und
the assumption of a twist of 20° in a 50-nm region at
surface. In this case, four minima of zero reflectance app
and every second peak gives a different maximum in refl
tivity. These simulated results are for a simple molecu
orientation, where the director is always parallel to the s
face and twist is confined to be near the surface. The si
tion is much more complicated in the Sm-C* phase, since
the azimuthal angle distribution on a smectic cone has to
considered.

The purpose of this paper is to explore qualitative m
lecular orientation to understand V-shaped switching. He
we will not show further simulated results. For quantitati
comparison of the experimental results with the simulati
more realistic molecular orientation including azimuth
angle distribution and layer tilt is necessary to be conside

IV. RESULTS AND DISCUSSION

A. Sm-A

First of all, texture observation was made in the SmA
phase~65 °C!. It was found that the layer normal in the bu
is oriented between the two rubbing directions, i.e., 10° fr
each of them. We define this anglebL as the angle betwee
the layer normal and the rubbing direction at the top surf
and as being positive for clockwise rotation from the rubbi
direction ~see right bottom in Fig. 1!. Here bL5210° for
the bulk.

ATIR measurements were made only under static con
tions. One example of the signal profiles is shown in Fig.
where the incidence angle of 68° was used and the cell r
tion anglea is zero when the rubbing direction is in the opt
plane. There are four angles showing minima, which cor
spond to the angles where LC molecules are parallel or
pendicular to the incidence plane, as shown in the simula
results. The comparison of the experiment~Fig. 3! with the

FIG. 3. Reflectivity as a function of cell rotation angle for th
incidence angle of 68° in the Sm-A phase~65 °C!. Four minima
with zero reflectance are observed, indicating that the directo
parallel to the surface.
3-3
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SHINYA IKEDA et al. PHYSICAL REVIEW E 63 061703
simulated results@Fig. 2~a!# implies that the LC molecules
are parallel to the surface with a pretilt angle of at most
From the location of the minima, we can estimate the dir
tor orientation in the vicinity of the surface. Figure 4 show
the director orientation angle with respect to the rubbing
rection as a function of penetration depth. This figure sho
that the director tends to rotate toward the rubbing direct
when approaching the surface, though the director orie
tion farther than 450 nm from the surface is almost the sa
as that in the bulk (bM5210°). Here the anglebM is posi-
tive for clockwise rotation from the rubbing direction, sam
as bL . Without the quantitative penetration depth depe
dence of the director orientation shown in Fig. 4, we c
readily notice the molecular twist from a comparison b
tween the shape of the simulated result@Fig. 2~b!# and the
experimental one~Fig. 3!; namely every second peak show
different reflectivity in the twisted geometry.

B. Sm-X*

A few zigzag defects in the Sm-X* phase showing
V-shaped switching are found in texture observation, indic
ing the existence of a chevron layer structure@20#. The op-
tical measurements were made in the region where the c
ron tip points antiparallel to the rubbing direction. B
applying an electric field in the Sm-X* phase~50 °C!, the
maximum rotation of the extinction direction was obtained
67.3 V and the apparent tilt angle was633.0°. It was con-
firmed that the electrooptic response in the bulk gives
ideal V-shaped switching between 0.1 and 50 Hz, the sa
as that reported previously@8#.

Now we turn to the dynamic ATIR results in the Sm-X*
phase~50 °C!. Figure 5 shows thes-polarized-light reflec-
tance in the ferroelectric states~at 612 V! as a function of
cell rotation angle for the incidence angle of 62°. In bo
cases, the reflectance has four minima. However, unlike
the Sm-A only two of them give complete extinction. Thi
fact suggests that the molecular long axis is more or
parallel to the surface but with a finite pretilt angle. T
comparison with Fig. 2~a! suggests a pretilt angle between

FIG. 4. The director orientation angle in the Sm-A* phase with
respect to the rubbing directionbM as a function of penetration
depth.
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FIG. 5. Reflectivity at the saturation field~under6 12 V! in the
Sm-X* phase~50 °C! as a function of cell rotation angle at a
incidence angle of 62°. Four minima, two of which give zero r
flectance and the others give a small reflectance, are observed
dicating that the director is nearly parallel to the surface.

FIG. 6. Reflectivity vs cell rotation angle under various appli
voltages during switching on the positive slope for an inciden
angle of 60°. Two of the four minima disappear as the volta
decreases to 0 V. This behavior indicates that the director at
surface have a high pretilt angle at 0 V.
3-4
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MOLECULAR ORIENTATION NEAR THE SURFACE OF THE . . . PHYSICAL REVIEW E63 061703
and 10°. Shown in Fig. 6 is the reflectance against cell ro
tion angle during application of a triangular wave field fro
212 to112 V for the incidence angle of 60°. This data w
taken at various voltages during the switching process. It
found that at lower voltages during switching two of th
minima disappeared, and the maximum reflectance incre
for all the incidence angles when approaching 0 V. T
variation of the profiles is essentially the same as the si
lation @Fig. 2~a!# except for their lateral shift. These resul
suggest that the molecular pretilt angle at the surface
comes a maximum at 0 V, as indicated by several opt
measurements in the bulk@8#.

Here we want to make a comment on the result in
static condition. A similar measurement to that shown in F
6 was made under short circuit condition (V50). The results
for the static~short circuited! and dynamic~0 V! conditions
were exactly the same. This means that all the observat
obtained under dynamic condition are valid even under st
condition.

The minimum reflectance near the rubbing directiona
50°) appears at the angle where the director is in the o
plane. This angle between the director and rubbing direc
bM is plotted as a function of a field in Fig. 7, where th
results for the incidence angle of 68° are shown. The res
for other incidence angles are essentially the same as t
shown in Fig. 7. It is important to note that this behavior
quite similar to the one in the bulk, as reported by Parket al.
@8#. They have shown that this behavior is qualitatively d
ferent from that proposed in the random model and furth
more the changes in optical anisotropy and switching cur
during V-shaped switching are well simulated using the vo
age dependence of apparent tilt angle based on the colle
switching of molecules on the tilt cone. Hence we can c
clude that molecules near the surfaces switch collectively
in the bulk. The apparent tilt angle at the surfaces is given
half the difference between the angles at the saturation
and is about 31.9°, that is slightly smaller than that in
bulk, 33°. Figure 7 also gives the layer normal direction, t
is given by the bisector of the two angles in the fu
switched states. The layer normal directionbL thus deter-

FIG. 7. The angle between the director and rubbing direct
bM as a function of voltage for an incidence angle of 68°.
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mined is displayed in Fig. 8 as a function of penetrati
depth. Quite interestingly, the layer normal tends to devi
farther from the rubbing direction near the surfaces, i
layer twist occurs near the cell surfaces.

Now we examine the director orientation at 0 V near the
surfaces. Shown in Fig. 9 is the apparent tilt angle with
spect to the layer normal at each penetration depth. The
sults obtained by dynamic and static measurements a
well with each other. It is clear that the apparent tilt ang
becomes larger and the director twists near the cell surfa
However, the twisting rate with respect to the rubbing dire
tion is not as large, as shown in Fig. 10. This is because
layer normal twists in the opposite sense to that of the dir
tor, as already shown in Fig. 8.

In summary,~1! projection of the director onto the surfac
rotates by 10° from the rubbing direction,~2! the director is
in a twisted state at 0 V near the surfaces and the twist a

n FIG. 8. The layer normal directionbL determined by the bisec
tor of the two angles in fully switched states as a function of p
etration depth. The layer twist is clearly observed near the surf

FIG. 9. The apparent tilt angle with respect to the layer norm
at each penetration depth at 0 V~dynamic and static!. The local
apparent tilt angle becomes larger toward the rubbing direction
the molecular long axis forms a twisted orientation near the surfa
3-5
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SHINYA IKEDA et al. PHYSICAL REVIEW E 63 061703
at a penetration depth of 150 nm is 7.2° from the optic a
in the bulk.~3! the layer normal also forms a twist configu
ration near the surfaces,~4! because of the compensation
the twist angles by opposite twist of the director~2! and layer
normal~3!, the twist angle of the director with respect to th
bulk layer normal is relatively small at the same depth, i
3.8°. The situation is illustrated in Fig. 11, in which bo
cases~a! without and~b! with layer twist are drawn. In the
actual case~b!, the twist angle with respect to the bulk lay
normal is half of that without layer twist. This is the reas
why high extinction and a high contrast ratio are obtain
during V-shaped switching in the three-component mixt
used.

In this way, the layer twist compensates the molecu
twist, so that the distortion energy loss caused by the m
lecular twist is suppressed. This means, however, the la
distortion energy increase by the layer twist must be sma
than the molecular orientational distortion energy decre
by the compensation. It is not easy to prove this condit
quantitatively. However, two experimental observations s
gest that the layer of this mixture is very soft, so that t
layer distortion energy is relatively low. The first eviden
for this is given by texture observation. Because of a chev
layer structure, we often notice zigzag defects that ea
change their shape. Since the zigzag defect originates f
the boundaries of chevron layer structures with different
directions@21–23#, the easy movement of the zigzag defe
indicates the softness of the smectic layer. The second
dence was obtained by layer compression measurem
@24#. It is known that the layer compression modulus exhib
a softening at the untilted to tilted smectic phase transiti
@25#. It generally appears as a sharp decrease and recove
the modulus at the transition, showing a cusplike structu
In the present mixture, on the other hand, the softening
curs like typical untilted-tilted phase transitions, but t
small modulus below the Sm-A-Sm-X* phase transition
does not recover back to the value in the Sm-A phase and
sharply increases at the transition from Sm-X* to a low-

FIG. 10. The direction of the directorbM at 0 V ~dynamic and
static! with respect to the rubbing direction as a function of pe
etration depth. Note that the twist angle is reduced due to the c
pensation by the layer twist shown in Fig. 8.
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temperature antiferroelectric phase. This experiment also
dicates that the layers of the present mixture are soft, tho
the physical property obtained by this experiment is a la
compression modulus but not an elastic modulus for la
twist.

V. CONCLUSIONS

ATIR measurements were performed to investigate
molecular orientation and switching near surfaces. It w
found that layer twist occurs near the surfaces and it is co
pensated by twisting of the director with the opposite sen
resulting in a relatively small orientation change of the m
lecular long axis in the cells. We conclude that this is t
reason why V-shaped switching in the three-component m
ture shows high extinction and has a high contrast ratio.
conclude that the soft layer is a necessary condition
V-shaped switching, the measurements using other c
pounds showing V-shaped switching are needed. The pre
experiment supports the role played by polarization cha
effect, but also implies that the phenomenon of V-shap
switching is not so simple. For further analysis, the quan
tative comparison of the experimental results with the th
retical prediction is expected. This effort is under way in o
laboratory by calculating the reflected light by applying t
434 matrix method to the evanescent region. The res
will be reported in the near future.
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