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Dynamical behavior of a bistable chiral quasihomeotropic liquid crystal cell
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The dynamical behavior of the directors in a bistable chiral quasihomeot®@iQH) liquid crystal

cell has been investigated. This cell can be switched from the initial quasihnomeotropic configuration
state at zero field to two static twisted states at 14 V by different switching processes. We studied
the dynamic behavior of the BCQH cell based on the general nematohydrodynamic theory, and the
detailed dynamical mechanism was illustrated by analyzing the director and velocity profiles
obtained from the numerical simulation. We found that, in addition to the flow effect, the
asymmetric polar-alignment condition is another important factor to achieve the switching
bistability of our BCQH cell. The experimental and numerical results are reported in this
letter. © 2003 American Institute of Physic§DOI: 10.1063/1.1600506

Homeotropic liquid crystalHLC) cells' are widely used ties were measured under a cross-polarizer condition. The
in transmissive and reflective displays due to its excellenangle between the front polarizer and the rubbing axis was
optical properties such as high contrast rafi®Recently, our  45°, and the transient transmittance was detected by a pho-
groug has demonstrated a chiral doped HLC device whichtodiode and recorded by an oscilloscope.
can be switched into two different configuration states by  Figure 1 shows the measured transient transmittance of
controlling the switching process. However, the detailed dythe BCQH cell with two different driving wave forms whose
namical mechanism of this device has not been well underamplitudes are both 14 V. According to the final transmit-
stood. In order to expand the application of this device, furtance, it is obvious that this cell can be switched from the
ther studies on the configuration and dynamical transition ofjuasihomeotropic state into two different static director
these states are necessary. For convenience, because $hates by controlling the switching process. In Figa)l
boundary directors are not precisely normal to the substratewave form A has a gradual slew ratd\(/dt=70 V/s) and
we named the devices bistable chiral quasihomeotropi@deUCES weak fluid flow. This weak flow effect drives the
(BCQH) devices. cell into the high-transmittance state. However, wave form B

In this letter, we studied the dynamical behavior of di- of Fig. 1(b), with a rapidly rising voltage, results in the
rectors in the BCQH cell experimentally and numerically. Strong flow effect of the directors and switches the cell into
The switching bistability of this cell was demonstrated. Thethe low-transmittance state. This behavior occurs as long as
initial quasihomeotropic state could be switched into twothe slew rate dV/dt) is larger than 2.8 V/ims. Consequently,
different static states by controlling the switching process. Irit can be found that the flow effect is the most important
addition, we also observed the appearance of another stafiactor on the switching bistability in this cell. Beside_s, if we
state from the nucleation of a defect while we held the apiurn off the voltag 1 s after turn-on, both states will relax
plied voltage about few minutes later. Furthermore, we studPack to the quasihomeotropic state smoothly and continu-
ied the dynamical mechanism of our BCQH cell based on th@USly: However, it is worth noting that, if we hold the bias
Ericksen—Leslie theory by using a numerical method. wevoltage for about 30 min, both states will transfer into an-
found that the switching bistability of this cell is realized by
the fluid flow effect of directors together with the asymmetri-
cal polar-alignment condition, which was usually ignored for
a quasihomeotropic cell. Our simulation also indicated that
the two static states are all twisted states whose effective
helical axis tilted downward to different directions.

To study the dynamical mechanism of the BCQH cell,
we made several samples to observe its transient behavior.
The substrates were coated with a JALS-208R Co.
alignment layer, and the rubbing directioxéxis) of top and
bottom substrates was antiparallel. The liquid crystal mate- R o
rial was ZLI-2806 (Merck Co) and the cell gap was 5.88 0 %i"me (s%f) 12 0 OT-‘i‘me (SOég) L2
um. We added about 1 wt% of S8Merck Co) as chiral () (b)
dopants to obtain a suitable helix pitch length. The light

source was a 632.8-nm He-Ne laser, and the optical properG. 1. Measured transient transmittance of BCQH cell with different driv-
ing wave forms(a) The slew ratio of the wave form @V/dt=70 V/s. (b)

The wave form has rapidly rising voltage. The insets are the director con-
¥Electronic mail: cjhsieh.eo88g@nctu.edu.tw figurations for quasihomeotropic stedg and S; state.

=
=

Fd
in

Normalized
transmittance

(=1

-
S W

[ ]

wave form (V)

Driving

0003-6951/2G03/83(6)/1110/3/$20.00 1110 © 2003 American Institute of Physics



Appl. Phys. Lett., Vol. 83, No. 6, 11 August 2003 C.-Y. Hsieh and S.-H. Chen 1111

other state by the nucleation of a defect and the subsequeMBLE I. Parameters used in the simulatiéf; are the elastic constants,

motion of a disclination line. Once we turn off the applied ande, are the extraordinary refractive and dielectric constants, respectively.
- n and Ae are the optical and electric anisotropies, respectively. The six

voltage, the new state does not relax back to the initial quasi-qjie coefficientsy, are taken from MBBA.

homeotropic state immediately, and the transition to the ini

tial quasihomeotropic state is also caused by the same pro- Pitch —11.0um Tilt angle 85.0°
cess as that of the appearance of this state. We believe the Ku 14.9 pN Twist angle 0.0
. . o . Koo 7.9 pN a; —21.5mPas
new state is a twisted 180° state. However, the mechanism of _
. . Kss 15.4 pN a; 153 mPas
the state-transition process is not well understood. Ne 1.5183 s —0.7mPas
By comparing the final transmittance of experimental An 0.0437 a, 109.5 mPas
and numerical results, we obtained the director configura- 3.3 @s 107 mPas
Ae —4.8 ag —46 mPas

tions for these states; details of the simulation will be de-
scribed later. The calculated static director profiles projected

on the Xy plane were plotted in the insets of Fig. 1. For easi€pe ot resyits in the symmetric and asymmetric cells driven

Imagining, one can regard the§e con.flgurau'ons as a Contyy the S, state. Nevertheless, the asymmetric boundary
helical structure with the effective helical axis of directors condition will increase the final transmittance a little for the

tilted downward toward Fhe sut_)strate: not nprmal to the SUbésymmetric cell. On the other hand, wave form B can induce
strate. Around the effective helical axisthe directors rotate a strong flow, as shown in Fig(t, such that the asymmetric

a full turn from the bottom substrate to the top one. Theré¢g| can be switched into th8,, and the calculated transmit-
fore, the effective chiral property of LCs is consistent to theiance curve agrees with the measured results qualitatively.
boundary condition of substrates. In the high—transmittancqqowever, the symmetric cell cannot be switched into $he
state, because the direction of the projectionLobn the  gtate and its final transmittance corresponding to the static
x-axis is the same with that of the boundary directors, westate S,,. Therefore, the switching bistability cannot be
name this state the normal twisted state, denotedSpy  achieved for the symmetric cell by controlling the flow effect
However, in the low-transmittance state, the direction of theyf directors. This result indicates that there is an extra key
projection ofL on the x-axis is inverse to the easy direction factor, the asymmetric polar-alignment condition, for the
on the substrate, we name this state the inverse twisted statgyitching bistability of our BCQH cell, except the flow ef-
denoted byS;. The transmittance of bot§, and S; states  fect. In our experiment, because it is very difficult to avoid
can be understood by the transmittance equati®n, the deviation between the top and bottom tilt angles the
=0.5sirf 2¢ sin? (8/2), for an uniaxial phase retarder be- switching bistability cell can be observed.
tween crossed polarizers, whegeis the azimuthal angle The physical pictures of the switching dynamics for the
between its optical axis and front polarizer, adds the  symmetric and asymmetric cells with strong flow effect, as
phase retardation. When the phase retardadienfixed, the  shown in Figs. 3 and 4, are described in the following. In the
amplitudeT is proportional to sifi2¢s and the maximunT  quasihomeotropic cell, the flow effect is induced by the ex-
happens aty=45° or 135° due to si2y=1. Therefore, the ternal electric torque and depends on the initial director
director configurations in the stat&; and S; can be re-  configuratior”° The simulated velocity profiles at 0.5 ms
garded as the combination of a stack of subretarders withfter turn-on of the applied voltage for the symmetric cell are
fixed & and differenti. Since the directors in the sta®g are  plotted in Fig. 3. The initial polar anglé that is,7/2 minus
concentrated toward to the xz plane and the most azimuthahe tilt angle, of directors for the symmetric cell are the same
anglesy are close to 45°, the stat®; has high transmit- to minimize the free energy. When the electric field is ap-
tance. However, in the stat®,, there are only a few direc- plied, the initial electric torqu&e,ec=0.5AeE§ sin 20, where
tors whoseys close to 45° or 135°, and thus leading to low E, is the z-component of electric field, is the same for all
transmittance. directors owing to the same polar angle. Nevertheless, due to
To analyze the dynamical switching mechanism ofthe rigid surface anchoring, the rotation of the directors re-
BCQH cells, we solved the hydrodynamic equations of LCsults in an elastic deformation. The largest deformation oc-
from the Ericksen—Leslie thedty? by using relaxation curs near the surfaces, and the smallest one is at the midplane
method and neglected the inertial term of directors. We as-
sumed the surface as having rigid anchoring and neglectec
the surface divergence term f&r; andK,,. After calculat- Wave form (A) | | Waveform®) ||
ing the transient director configuration, the transient trans- S S — T T T
mittance was obtained by using Jones’ matrix method. Tableg -
| shows the parameters used in our simulation for the cell §
with symmetric boundary conditions. g |
The calculated transient transmittances of our BCQH g o1}
cell with different boundary conditions for driving wave

Asymmetric cell Symmetric cell

0.2r Symmetric cell

Smi

Asymmetric cell

forms A and B are shown in Fig. 2. Figur¢a® indicates the O "5t 700 500 500 1000 0 300 T S8 s Tote
results with wave form A, which can only induce a weak Time (ms) Time (ms)
flow, for the symmetric and asymmetric polar-alignment @ (b)

cells. The tOP and bottom pl’etl|t angles of the symmgtnc Ce."FIG. 2. Calculated transient transmittance of BCQH cell with symmetric
are both 85°, but the bottom one in the asymmetric cell 1Sind asvmmetric cell for different driving wave formis) Wave form A.(b)

84°. It is obvious that, as depicted in Figa® the weak flow  Wave form B.
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Figure 4 shows the simulated results of the asymmetric
cell with a small polar angl@ at the top substrate that is less
than the bottom one. The difference of polar angles causes a
very small bend and twist distortion such that the initial di-
rector profile can be regarded as a helical structure with a
very small conical angle. At the presence of the external
field, the directors at the bottom boundary with the largest

polar angle experience the biggest electric torque. In other
@ () words, the initial electric torque is asymmetric. It has to be
FIG. 3. Calculated flow velocity distribution at 0.5 ms after switching on the €MPhasized that this cell is very different to the situation of
voltage for the symmetric cella) vy . (b) vy . (c) Transient director con-  the symmetric cell whose initial electric torque is symmetric.
figuration projected onto the xy plane. The asymmetric torque results in the peculiar director and
velocity profiles. The simulated velocity distribution at 0.5
because of the symmetric boundary condition. This deformams is illustrated in Fig. 4. As shown in Fig(&, the velocity
tion produces an elastic restoring torque to suppress the r@xtreme ofv, happens near the midplane, and the viscous
tation of directors by the electric torque. Therefore, the mid-torque 7, is negative on its upper side, but positive on the
director has the fastest rotation because of the smallesither side. Meanwhile, in Fig.(8), the 7, is positive in the
restoring elastic torque, but the directors near the surfacmiddle part of the cell, but negative in the region near two
have the slowest rotation. This nonuniform rotation acts orsubstrates. The resultant torquergfand 7, drives the direc-
the fluid element with different stress forces through viscougors in the bottom- and top-half parts into the first and second
interaction and the net force causes a translational motion afuadrants, respectively, and the mid-director into the fourth
the fluid elements. Meanwhile, the gradient of the flow ve-quadranfsee the 0.7-ms and 1.0-ms curves in Fi)Bto
locity imposes a viscous torque on the director, wherer  form a large heart-shaped loop. When the flow velocity of
=(7-x,7-y,TZ)~(—|a2|n§vyvz,|a2|n§vxyz,0) as a result oh, the fluid elements becomes small via viscous interaction, the
>n,,n, and |a,|>|as|, vy, andv,, are the gradient of director profile gradually swings clockwise into the st&e
velocity, (n,ny,n,) are the components of director Near by the twisted restoring elastic torque. Therefore, we con-
the surface, at points 2 and 8 in FigaB the viscous torque cluded that the asymmetric polar-alignment condition is an-
7, iS negative, and that makes the director rotate in a direcether important factor, in addition to the flow effect, for the
tion opposed to the original one due to the elastic torqueswitching bistability in our BCQH cell.
This phenomenon is usually called the kickback effect. How-  In summary, the switching bistability of the BCQH cell
ever, on the central part of the cell, the viscous torgués  has been studied experimentally and numerically. From our
positive and speeds up the rotation of directors to tilt downnumerical results, the realization of the switching bistability
ward to the positive x-axis. At the same time, because thef our BCQH cell is achieved by the flow effect of directors
velocity gradientv, , of the mid-director is zero, as illus- together with the asymmetric polar-alignment condition. The
trated in Fig. 8b), the viscous torque, has no influence on two static states are all twisted states whose effective helical
it; but near the top and bottom substrates, since the viscowaxis tilted downward in two different directions. Further-
torquer, has the inverse direction, it rotates the director neamore, we also observed the appearance of another state by
the surface out of the xz plane, causing a large elastic deforucleation of a defect. However, the detailed mechanism of
mation. This large deformation introduces a restoring elastithe state transition is not understood and needs further inves-
torque, which pulls the director backward to the xz planetigation.
Finally, the director profile reaches its static st&g, as
shown in Fig. &c).
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