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Dynamic flow, broken surface anchoring, and switching bistability
in three-terminal twisted nematic liquid-crystal displays
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We investigate the switching bistability between thend® + 7 twist states in liquid-crystal cells

with a three-terminal electrode structure. Based on general nematohydrodynamic equations and a
modeling potential of surface anchoring, numerical calculation shows that dynamic shear flow and
electric-field-induced breaking of surface azimuthal anchoring are essential to the realization of the
switching bistability observed experimentally. 2001 American Institute of Physics.
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Bistable twisted nematitBTN) liquid-crystal (LC) dis-  surface’ The direction of this field is spatially varying but
plays have received considerable attention recently. Thejperpendicular to the COP stripes everywhe@ose to the
display modes are twisted director configurations stabilized:dges of the COP stripes, the electric field has the largest
through a proper choice of the surface alignment layers anthagnitude and is nearly parallel to the COP plargirong
the d/p ratio, whered is the cell thickness anp the helical homogeneous anchoring at the upper substrate is made by
pitch. Dynamic switching between thk and®+ 27 twist ~ rubbing the polyimide(Pl) coating layer while at the lower
states has been demonstrated with strong-anchoring aliggubstratewithout Pl coating, weak homogeneous anchoring
ment layers;™* while switching between thé and ®+7 is produced by rubbing along the COP stripes. We model the
twist states was realized with the help of breakaptgar ~ Weak anchoring based on the geometry of the rubbing-
anchoring$ Shear flow effects are very important in theseinduced microgroovet’ We emphasize the anchoring condi-
BTNs3%® More recently, Bryan-Brown reported a twisted tion at the lower substrate is different from that in Ref. 8.

nematic display mode based on the use of a grooved surface e treat the LC cell as a one-dimensioriaD) system
treated by surfactarit. along thez axis. The lower and upper substrates locate at

Unbreakable surface anchoring allows only thk,® =0 andd, respectively. This 1D treatment.considers the ef-
+2) switching in bulk. Therefore, breaking of surface an- fects av_eraged over t_he horlzontal_ d|regt|on normal to the
choring is essential to the realization of thé @+ ) _COP .strlp_es. We consider LC cells |n_wh|ch surface anchor-
switching bistability. In this letter, we present a surface-N9 directions are arranged to stabilize zero-field states of

controlled BTN display which employs a structured elec-WiSt angles ®(modm), i.e., ¢(d)=¢(0)=d(modm),

: . . vhere ¢ is the azimuthal angle defined by the directigr)
;;%ieatz?rsl:?ﬁ;gi?hgﬁigsurface field capable of breaking Su}i’(cosecos&cosasin ¢,siné). Thed/p ratio is adjusted to

The present BTN display employs a three-terminal elec_make thed® and ® + 7 twist states equally stable. In our

trode structure consisting of one comb-on-pl&a@©P elec- cozrd_m; te rS]YISteT' ihoe Str%m‘ily_?;(:ho(;‘(fﬂ()b "it z=d has
trode and two planar uniform electrod&She COP electrode ;ﬁéor)u;né \;\(I)r:(%)i ﬁ_ a,n((jﬁ(— r)l_in theag) and CDer’wC'E\)AZirSt-
is put on the lower substrate and the two uniform electrodegtates respectively;ee Fig eza)] That means the COP
are on the- lower and upper substrates, rgspectively, as illu 'tripes, make an angle o#d)kmod;r) with respect to thes
trated in Fig. 1. Two voltages can be'apphed. to the COP an is. In the presence of a strokg, then(z) configuration is

the upper planar electrodes, respectively, with the lower plar'1ear|y uniform and verticalfor positive dielectric anisot-
har electrode set to ground. The vpltaglebet\{vegn the two ropy) throughout the central part of the cell, but exhibits
uniform electrodes produces a vertical electric field. Indepenrarge elastic distortiorimostly splay bent near the sub-
dently, the voltage/. between the COP and the lower planar g ateg since surfageolar anchoring still persists. Applying
electrodes induces a spatially varying field. This field is Neak, generates a spatially varying near-surface field that is per-
surface, as its strength decays quickly away from the COBgpicylar to the COP stripes everywhere. It exerts an azi-
muthal twisting torque on the surface directof0) at the
dElectronic mail: phatz@ust.hk lower substrate=0, hereafter denoted hy,=n(0), whose
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FIG. 1. Schematic diagram of the three-terminal BTN LC cell. COP elec-
trodes are 2um wide with a Zum gap.

azimuthal anchoring can be modeled by a double-well en
ergy potential of the Rapini—Papoular foﬁhw¢[¢(0)]
=3Asird $(0)+P], where A is the azimuthal anchoring
strength. W, has two local energy minimdeasy axes
¢(0)=—®, and —®— 7. A strong near-surface field can
break the azimuthal anchoring by orientingalongngy, the

Qian et al.

close tony but tilts a bit towards:,. But, soon the elastic
coupling in the flow-generated transieht- 37/2 twist state
takes over, the initial rotation towards is stopped, and then
reversed. When the reversed rotation goes aangss es-
capes from the energy well of, and falls into that of-n,,
with the @ + 7 twist state formed at the end. This requires a
quick and strong flow in generating the transidnt-37/2
twist state. Without that)g just remains in the energy well of
ne and thed twist state is formed at the end. These two
possibilities are depicted in Fig. 2. Switching bistability can,
therefore, be achieved through the control of backflow by
adjusting the holding voltag¥,. In addition, the cells must
be thin enough to ensure efficient hydrodynamic coupling.
The (®,®+ ) switching bistability was observed in
cells of d=2.5um and ®=-22.5°1 The existence of
switching bistability allows a wide range for the value®f
Here, ® was selected to optimize the optical properiies.

difficult axis that is perpendicular to the easy axes and ha¥he driving wave form consists of two puls&4(t) and

the azimuthal angleby= —® — w/2 [see Fig. 23], which is

V.(t). They first jump from zero to two holding voltag®¥s

the energy maximum separating the two energy wells. Thignd V., respectively, and then last for the same time dura-

results in a twist angle ob + 7/2.
Dynamic shear flow and field-induced breaking of sur-

tion before being suddenly switched off. We scankhgénd
V. to obtain the parameter space working for the,@

face azimuthal anchoring are essential to the existence of the 77) switching. We focused on the regime of complete

(®,d + ) switching bistability in the present BTN display.
Switching onV, and V. quickly generates an intermediate

breaking of surface azimuthal anchoring by puttihgabove
a threshold~40 V. The switching to theb + 7 twist state

d + /2 twist state with severe splay-bend distortion near thavas observed using a high holding voItagE, while the

surfaces. Switching off/, then triggers fast director rotation
n near the surfaces. A flow fieldis induced through viscous
coupling withw=V X v/2 nearly parallel ta <X n. The whole
velocity field can be qualitatively determined from the

switching to the® twist state was observed using a low
holding voltageV} . It was verified thatVi<V? and V{'

>V; whereVP=10V can be regarded as a critical voltage
for the switching bistability. This agrees with our physical

knowledge ofw near the surfaces together with the boundarypicture that the relaxation from thé+ 7/2 to the ® + =
conditionv=0 at the surfaces. Throughout the central part ofstate needs a strong flow that can be induced by turning off a

the cell, the nearly uniforrm(z) creates negligible elastic

large holding voltagd/,. However, as/, goes too high, the

torque. Its rotation is thus dominated by the viscous torqusaurface polar anchoring becomes partially broken. The back-

with n along wXn. In this “backflow” effect, the directors
near the midplane=d/2 rotate in a direction opposed by the
elastic coupling across the caff.Explicitly, the shear flow
produces a transient state with a twist angteb —37/2,
while the elastic coupling tends to make a twist anglé

+ /212 Now consider the rotation of the directog at the
lower substratez=0, where the groove-induced azimuthal
anchoring is broken in the intermediade+ 7/2 twist state
with ng=ny. Right afterV, andV, are switched offng ro-
tates towards, because immediately abowe=0, n(z) is

y

FIG. 2. Director orientation projected onto tkg plane.(a) Surface direc-
torsn(d) atz=d andng,=n,, ny, and—n, atz=0 in the®, ®+ 7/2, and
&+ 7 twist states, respectivelyb) ng rotating towardsn, after switching
off Vy andV,. This is coupled to the backflow at=d/2. (c) Elastic effect
of the transient twist state stops the rotatiomgfowardsn,, and causeng

to reverse its rotation towards n,. Depicted directors ara;=n(0), Nn¢s

close toz=0, n(d/2) atz=d/2, andn(d) anchored ar=d.

flow effect is then weakened as a result of the reduced splay-
bend distortion near the surfaces. This is consistent with the
observation that the switching to thk+ 7 state becomes
unstable forV,~2V?. In fact, the switching to theb state
was observed whel,> 2Vts, even if a very lowV, was
applied. This falls into the regime of hydrodynamically
coupled asymmetric breaking of surface polar anchorings
studied in Ref. 5.

We model the switching bistability in the regime of azi-
muthal anchoring breaking. In numerical computafiche
values of the three elastic constants and the six viscosity
coefficients are taken from Refs. 3 and 6, suitable for
MBBA, since very few data are available for the complete
set of those parameters. Using other val{sestable for PAA
or 5CB) leads to a slight quantitative change in the numerical
results. The dielectric constants are set toepe15 ande,
=5, corresponding to the large dielectric anisotrops, (
=10) of the LC materials used in the experiments. We first
obtain the intermediat® + 77/2 twist state by minimizing
the free energygdz[fe,— E,(2)/D/8n]+ W, 6(0)], where
fo is the curvature elastic energy densityE,(z)D,/87 is
the field-induced free-energy density, an,, a function of
6(0), is a polar anchoring potential a=0. Here,E, is thez
component of the electric field satisfyind,= [ SE,(z)dz,
and D,=¢,,E, is the z component of the electric displace-
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Vf’z 10V. Similarly, given the holding voltag¥;, there ex-
ists a critical anchoring streng, for A> AS the final state

is the ® twist state while forA<AS the final state is thed

+ 7 twist state. These numerical results agree with both the
theoretical picture and the experimental observation. Finally,
it is interesting to look atA=0.03 erg/cri, the anchoring
strength corresponding to the experimental value of the criti-
cal field, V=10V. According to Ref. 10, the extrapolation
length for this azimuthal anchoring strength is determined by
the pitch and depth of the rubbing-induced grooves. For elas-
tic constantsk ~3x 10" dyn, the extrapolation length is
K/A=0.1um, which leads to the relation\®/u?=4=3

X 0.1um, where\ is the period of groove alignment and
the groove depth. Assuming=0.1I\ then gives\ ~0.1um
andu~0.01um, both in the physically acceptable range.

: " ; ) In summary, we have presented a theoretical picture for
for Vi =8 V. (b) Towards thed + 7 state forV;' =12 V. Configurations at the (@ .d+ itchi bistability in th t inal BTN
timet=0 (P + #/2 state, solid circlg 0.005(squarg, 0.01(diamond, 0.02 _e ( ! 77) swilc |.ng IStability in three-iermina .
(triangle, and 0.1(empty circlg are depictedtime in unit of a,0%/ K gpay. displays. The dynamic flow and broken surface anchoring
Marks are put at 41 equally spaced levels, firstaD (hollow arrow) and  are essential to the realization of the switching bistability
last atz=d (filled arrow). experimentally observed. The agreement between experi-

mental observation and theoretical calculation is fairly satis-
factory.
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FIG. 3. Relaxation starting from th& + /2 state.(a) Towards thed state
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