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Theoretical investigation into the effects of polar anchoring in antiferroelectric liquid crystal cells
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We present a theoretical investigation into the effects of polar anchoring, which induces ferroelectric order-
ing close to the cell surfaces, in a liquid crystal cell containing an antiferroelectric liquid crystalline material.
Our model includes effects due to finite polar and nonpolar anchoring, quadrupolar ordering and polarization
self interaction. By minimizing the free energy of the system, we find parameter domains in which multiple
zero-voltage solutions are stable. We find that these solutions may undergo thresholdless or hysteretic switch-
ing depending on the parameter values. In two instances, the presence of quadrupolar ordering or weak
anchoring means that the cell must firstgrénedinto the thresholdless state through a discontinuous transi-
tion from an initial antiferroelectric state.

PACS numbsgfs): 61.30.Cz, 61.30.Gd

[. INTRODUCTION they explained in terms of eandom smectienodel where
the director correlation between adjacent layers was small.
Since the discovery of ferroelectric liquid crystals (SmC However, recent experimental observatif®gl] suggest that
or FLC) [1] and, some 13 years later, antiferroelectric liquid@ more realistic model for this behavior is a twisted smectic
crystals (Sm¢ or AFLC) [2], there has been considerable structure in WhICh. th(_a AF orde.rm.g of thg material is sup-
interest in the possibilities of using such materials in displayP’€SS€d and the liquid crystal is in fact in the ferroelectric
devices. While FLC devices exhibit fast, inplane, bistablephase'

o : In many situations the cell must first lpgimed into the
switching between two ferroelectr{€) states, AFLC devices . S
have an additional, antiferroelectiidF) state leading to the thresholdless statg,5] by applying an electric field. After

i k : the cell has been primed it switches thresholdlessly. How-
advantageous possibility of addressing a display symmetrigo; "\yhen the field is removed and the cell remains in the
cally. ) . . zero-voltage state for some timgvhich can be between
Recently, there has been an increased interest in threshgrs and daysthe unprimedground state is recovered and
oldless modes of operation of AFLC cel8-5]. In such  the cell must first be primed again before thresholdless
cells the material continuously transforms from the AF stateswitching occurs.
to either of the F states upon application of an electric field. |n this paper, we develop a theoretical model of an AFLC
In liquid crystal devices such thresholdless switching modesell in order to investigate the possible director configura-
have been of significant scientific and technological interestions and how they switch when an electric field is applied.
for some time. In nematic devices the hybrid aligned nematiSpecifically, we will consider the effects of confining sur-
cell [6,7] and thesr cell [8] are operated in a thresholdless faces that induce polar anchoring such that the material pre-
mode while for smectic devices the ferroelectric liquid crys-fers to be in the F state at the cell boundaries. We show that
tal (FLC) deformed helix[9] and twisted FLC devices the competition between F ordering at the surfaces and AF
[10,11] and antiferroelectric liquid crystdAFLC) materials  ordering in the bulk of the cell induces a coexistence of
[12] all exhibit thresholdless switching. zero-voltage ground states. The identification of such ground
Although this type of switching is unfavorable in a pas- states is extremely important when considering the switching
sively addressed display, with active matrix addressing, i.e¢haracteristics in such cells. We find that due to the presence
using thin film transistoTFT) technology, this mode has of quadrupolar ordering or weak anchoring, two modes of
many advantages over bistalfler tristablg switching. The  switching exhibit priming. The first of these modes is essen-
main advantage is that an analog grayscale can be repraally that described by Rudquvist al. [3] in which the
duced so that in a color display a large numfieeoretically  thresholdless mode is simply the twisted smectic state de-
an infinite numberof colors are possible. scribed some years ago by Clark and Lagerfa0] and
While active matrix addressing has previously beenPatel[11]. In this paper, we demonstrate how this threshold-
avoided in FLC type display technologies due to the difficul-less mode is primed from an AF state and, for an AFLC
ties in mass production and expense, both of these problenmsaterial, how the twisted smectic state can be stabilized by a
have largely been overcome and device manufacturers aguadrupolar ordering energy. In the second mode the dy-
now willing to use TFT technology since the advantagesnamic ground state is a vertical AF state. This thresholdless
outweigh the disadvantages. AF switching mode was first described in a patent by Lee
The advantages of using AFLC materidéfast, in-plane, [13] and theoretically modeled by the present autHd#
symmetric driving schemes, and large contrast ydéd re-  while the zero-voltage ground state was previously discussed
searchers to investigate the possibility of obtaining a threshby Fournier[15]. In this paper, we describe how, due to
oldless AFLC mode. In an apparently antiferroelectA¢) finite polar and nonpolar anchoring, this state may be
material Inuiet al. [12] observed a thresholdless mode thatachieved from a uniform surface stabilized AF ground state.
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g axis are thenPg;=Pg4(sin¢;,0,—cos¢;). The free energy
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FIG. 1. Cell configuration: The directors; andn,, in layers 1 +Wnp[sin2(¢l(0))+sin2(¢>2(0))+sin2(¢>l(d))
and 2, respectively, lie on the smectic cone while the corresponding . ) .
polarization vector®,; andP, lie in the xz plane perpendicular to +SinP(o(d)) ]+ W[ Sinf(1(0)/2) + sirP(,(0)/2)]

the directors. The layers are in the bookshelf configuration between
glass plates az=0 andz=d. At the cell surfaces, the polar an-
chored director stat@ark arrows is the globally stable state while
the antipolar anchored statiight arrows is metastable.

+W,[coS(¢1(d)/2)+cos(¢,(d)/2)], (1)

where P,=—Pg(cos¢;+cosep,)/2 and €,,7~ €,
+ A e SirPé(sirt ¢, +sirf$,)/2 are the average spontaneous
olarization in thez direction and the averagez component
f the dielectric tensor. In Eq1), thez coordinate has been
nondimensionalized with the cell gap width so thatZ
=z/d, V is the voltage applied across the ceih=28.85
X102 F/m is the permittivity of free spacé& is a Frank
elastic constanty is the antiferroelectric ordering parameter,
Yq Is the quadrupolar ordering parameét,, is the nonpo-
The model used in this paper is an extension of our prelar anchoring strength, andlV, is the polar anchoring
vious mode[ 14] to include weak anchoring and quadrupolar strength.
ordering. We will assume that the smectic layers are in a The first four terms in Eq(1) describe the electrostatic
bookshelf configuration and that the director within eachenergy contributions and are derived by solving Maxwell's
layer lies on the smectic cone with a fixed cone ar{glse  equationg16] assuming that the electric properties may be
Fig. 1). We also assume that the behavior may be modeledveraged over the two layers. It has previously been shown
by only considering two adjacent smectic layers. This isthat the presence of a spontaneous polarization in the layers
equivalent to assuming that there is no helix present in theauses a polarization self interaction that tends to minimize
cell and thus the material is surface stabilized. The free engradients inPg;. Thus in a smecti€ twisted layer the bulk
ergy of the smectic layers is then taken as the sum of energyf the material will orient such thd®, is constant. However,
contributions from electrostatic interactions, elastic deformasince the electric properties have been averaged over two
tion of the director, antiferroelectric and quadrupolar orderdayers, the presence of AF orderifice., ¢,= 7+ ¢,) leads
ing within the liquid crystal, and both polar and nonpolar to zero net polarizatiofi.e., P,=0), and therefore it is pos-
surface energies sible to achieve a minimum in the electric energy with a
At the cell boundary platesz& 0,d) the molecules prefer nonuniform director profile as long ag,(z) = 7+ ¢1(2).
to lie on the cell surface rather than parallel to it. In other The fifth term in Eq.(1) is the elastic distortion energy
words, the director would like to lie on either side of the that may be thought of as the Frank elastic endrgyder a
smectic cone =0 or 7). However, since the materials that one constant approximatiprof the nematiclike directors
we are attempting to model have a high molecular spontanewithin each layer. The sixth and seventh terms in Eqg.
ous polarization |PJ~5x10 *—1x10 2 C/n?), there describe the liquid crystal material's tendency to form ferro-
will be a strong interaction between the surface alignmenelectric (F) or antiferroelectric (AF) states. Wheny
layer and the permanent molecular dipole. Thus the surfaces —2v,, the AF state §,=m+ ¢,) is stable in the bulk
induce polar anchoring and the global surface energy minimanaterial and wheny<2y, the F state ¢,= ¢,) is stable.
is =0 atz=0 and¢= = atz=d while the other states are When both states are stable 2y,<y<2y,) the AF state
metastable minima. Such boundary conditions force the mas the global energy minimum whep>0; and the F state,
terial to be in the ferroelectric phase at the surfaces. wheny<0. In this paper, we will assume that we are below
If the director in each layer remains on a cone of arfjle the smecticc—smectic€, phase transition such that the F
and the layers are in the bookshelf configuration, then we castate is never the globally stable state but may be a meta-
write n;=(sin#cosdg,, cosh, sindsing,), wherei=1,2 indi-  stable state.
cates the first or second layer asdis the azimuthal director The last terms in Eq.l) are surface energies and govern
angle around the smectic cone. The corresponding spontanite behavior of the director close to the cell surfaces. The
ous polarization vectors that lie perpendiculanf@nd they ~ nonpolar,W,, term describes the director’s tendency to lie

In both of the above cases we are able to show how thg
thresholdless switching mode is primed from an initial AF
state.

Il. MODEL
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on the cell surfacesd#; ,=0 or = atz=0 ord). The polar, this point that the mathematical description of polar anchor-
W, term describes the polar interaction between the surfacesg in terms of the azimuthal angle; is in fact degenerate.
and the director such that at=0 the directors prefer the If the director is forced to lie on one side of the cone at one
orientation ¢; ,=0 and atz=d the directors prefeip, ,  surface and on the opposite side of the cone on the other
=1 as discussed in the previous section. surface, the boundary conditions for the azimuthal angles are

The minimum energy equilibrium configuration may be ¢;=2n;m on Z=0 and¢;=(2m;+1)7 on Z=1, wheren;
found by solving numerically the Euler-Lagrange equationsand m; are two (positive or negativeintegers that may be
associated with the free energl) together with associated different for each layer. Clearly there are an infinite number
boundary conditions. For this minimization problem we em-of possibilities. However, most of the possible valuespf
ploy the numerical continuation packageto97[17,18 that andm; lead to director configurations that involve multiple
will not only calculate a solution to the Euler-Lagrange equa-otations of the director around the cone. These solutions
tions but also investigate the behavior of this solution and thevill contain a large amount of elastic energy and may be
system as certain parameters vary. disregarded when compared to the two low-energy possibili-

For the dynamics of switching we use a relaxation techties n;=n,=0, m;=m,=0 and n;=n,=0, m;=0, m,
nigue that effectively solves the Ginzburg-Landau equatiorn= —1.

associated with the bulk energy in E@), From the form of the resulting dimensionless free energy
(1) we see that the system is governed by ombp dimen-
ddy sionless parameterai=eyy/P2 and b= eyK sirfa/d?PZ.
ot Lo, (Fou, (28 \yhatever the values of the dimensional parametkrsH;,
d, etc), if a andb remain constant the equilibrium solutions
Iy will not change. There may be a multiplicative change in the
e — Ly, (Fpuin), (2b)  free energy but this will not affect the stability or relative

energies of the equilibrium solutions. We may therefore plot
. . . _a phase diagram in terms of the two parameter@nd b,

whereFy, is the bulk free energy density associated with,\pich completely describes the system. However, it may be
the ~nonsurface energy terms inF, L,=d/0u  mqre yseful to plot a phase diagram in terms of more mean-
—d(d/duz)/dZ is the normal Lagrangian operator, ands  jngfyl and experimentally controllable parameters such as

the viscosity of director motion around the smectic cone. ha cell thicknessd and the F/AF ordering parameter,
Using these two numerical methods, we are able to findyhich will be related to the temperature. '

the quasistatic hysteresis lodpuT097) and switching be- Therefore, we initially fix all other parameters at the val-
havior (relaxation technigue The numerical details of these ues previously mentionede==8.85x 10”2 F/im, ¢, =5.0
methods will not be discussed further in this paper. Ae=—15 =25 P.=5x10% C/m?. and Kzlléfll N),

-y l S 1

This theoretical model is clearly extremely complex.,+ note that any change to these values will not qualitatively
There are many independent parameters and although SOMRect thed, y phase diagram but will simply result in a

may be fixed to values typical for AF matir‘le(We Sete,  rescaling of thed and/or they axes. For example, we note
=5.0, Ae=-15, 9_=11250' Ps=5x10 CIMP, 4 that  the parameter  transformation d, {y, Py)
=100 Ns/m,_and<=10 N), we will want to alter other _.(d/a, a’y, aP,), for any constant leaves the free en-
eergy unchanged. Thus, a change in the valu®gfi.e., P
—aPy) will simply alter the scales of thd and y axes €
—d/a and y— a?y).

Figure 2 shows examples of the five solutions we obtain

ground states and switching mechaniéra., the cell thick-
nessd, the ordering parameterg and y,, which will be
temperature dependent, the anchoring strendthg and

Wpl’ aﬂd of course_the applied v_oltag’e)h & ¢ alteri from minimizing the free energy at different values. The
n the next section we investigate the effects of alteringg; . three result from the first set of boundary conditions
the cell thickness and AF orderiigshen quadrupolar order- < ribed above ¢1(0)= ¢(0)=0, ¢1(d)=b,(d)=m]

ing is neglected and the surfaces induce strong polar ancho\;\;hich we denote by F[Fig. 2a)], AF; [Fig. 2b)], and A
ing) to find the ground states and switching behavior. In SeC[Fig. 2Ac)]. The Iastytvixjg s%lutior]{s re;LEIt ?rbm tr]{e secor% set

IV, we will concentrate on two points in parameter space in - : _
order to investigate the switching behavior and priming ef-(ifob?ﬁur(]g? E’WCO(;O}'S;’ 25_ ?T?S\(;vrrlﬁsﬁ Waebgggﬁét(é) z) g[zé%)
fect of two thresholdless modes. These two sets of paranth-(d)’] a;d AR, [,Figz Ae)] ' y '

eters typity the behavior of the system in large regions o In the K _solution, the liquid crystal exhibits ferroelectric
parameter space and small changes in the parameters do not

o o . ordering, i.e., ¢1=¢,. The director continuously twists
qualitatively change the switching behavior of the cell. around the smectic cone from one cell boundary to the other.

There is a concentration of the director twist near to the
lll. GROUND STATES boundaries since, in the bulk of the cell, the electrostatic
energy term disfavors variations Bf,. For smaller values of
In investigating the zero-voltage ground states of ard, the twisted boundary regions become more dominant and
AFLC cell, we simplify the above model. We will neglect the director tends to be more uniformly twisted across the
the quadrupolar ordering term by settipg=0, although we  cell. This solution has been previously investigated in detail
will reintroduce this term in Sec. IV. We will also assume and has been shown to undergo thresholdless switching and
that the cell surfaces induce strong polar anchofewuiva-  therefore exhibit an analog grayscalel,19.
lent to settingW,,=0 andW,—x). It should be noted at The two solutions AlF and AR, both exhibit antiferro-
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z/d FIG. 3. The phase diagram for the existence and stability of the
(d) B, solution (e) AF, solution three solutions F, AF;, and AR. The solid bold lines indicate the
3 o 3 9, second-order transition between thesfate and an AF state and the
2 % ! g f first-order transition between the ARnd AF, states. The dotted
< 01 =0 lines L; and L, are the spinodal lines associated with the first-order
< :1 < transition that mark the absolute stability boundaries of the @l
&2 ) &2 %, . ¢
3 -3 AF, states, respectively.
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wise direction while in the adjacent layer the director rotates
in an anticlockwise direction. If the cell has been cooled

down into the AF phase from the F phase, where the director
configuration would prefer that of the Bolution[Fig. 2(a)]

with the directors rotating around the cone in tamedi-

FIG. 2. Examples of the five zero-voltage, equilibrium solutions
of the azimuthal angleg, and ¢, for parameter valueg=10"%m,
Ps=5x10"* C/m?, K=10"1! N, §=25°, €,=8.85<10 *? F/m,
Ae=—1.5, ande, =5.0 and(a y=0, (b and ¢ y=30, (d) y

=-10, (e) y=30. (a) The R solution for which¢,;= ¢,. (b) The . . e S
AF, solution for which, in the bulk of the cellp,~ 1, ¢,~0. (C) rection, the strong anchoring condition would prohibit the

The AR, solution for which, in the bulk of the celts, = ¢, + but ~ formation of the A state. However, we will show in Sec.
the directors in each layer uniformly rotate around the cone fromlV that this low-energy statés accessible when the strong
one side of the cell to the othefd) The F, solution for which¢, ~ @nchoring condition is relaxed and surface director switching
= ¢, in the bulk of the cell(e) The AF; solution for which, in the  ¢an occur.
bulk of the cell, avertical AF state exists whereb,;=m/2, ¢, We now concentrate on the relative stabilities of the first
=—7/2. three solutions F, AF;, and AFR. Figure 3 shows the phase
diagram for these solutions. The solid bold lines denote a
electric ordering in the bulk of the cell.e., ¢1= ¢+ m) second-order transition between thedtate and an AF state
although the director configurations are somewhat differentand a first-order transition between the two AF states. The
In the AF, solution, the directors in the bulk of the cell are dotted lines denote the spinodal points associated with the
fixed approximately parallel to the cell surfacesp,( first-order transition, i.e., the limits of metastability of the
~, $,~0), and near to the surfaces the directors reorientwo AF phases. The labels, FAF;, and AF indicate the
to satisfy the polar anchoring conditions. In the,Agolution  areas of the phase diagram in which each of the first three
the directors, while remaining in an AF state, continuallysolutions in Fig. 2 are the lowest energy.
twist around the cone from one surface to the other. An Below and to the left of the second-order transition line,
important feature of this solution is that there is no “flatten-the F _solution is the lowest-energy solution. This transition

ing” of the azimuthal angle configuration, as in the $6lu-  line asymptotes tg=0 asd—« and tod=0 asy—o. This
tion, since in the AF stat®,=0 and thus the electrostatic is to be expected whemis small compared tb and thus the
free energy is automatically minimized. AF ordering energy term is small compared to the electro-

In the last two solutions fFand AF;, the bulk of the cell is  static and/or the elastic energy terms. When the AF ordering
in an F state ¢§;=¢,=0) or an AF state ¢,;=m/2, ¢, term and the elastic term are comparable we travd and
=—/2, i.e., the directors are in the verticat plane while  thus y~ K/d? that agrees with the form of the second-order
near to one or both cell surfaces the director reorients, in &ansition line.
narrow boundary region, to satisfy the boundary conditions. As the second-order transition line is crossed, thethte
For y<0, when the bulk of the cell prefers the F state, the F becomes unstable to a perturbation that destroys the F order-
solution is of lower energy than the AFsolution but of ing in the bulk of the cell. The directors in adjacent layg@ns
higher energy than the;Bolution. Fory>0, when the bulk  the middle of the ceJlmove apart and thus one of the AF
material prefers the AF state, the ABolution isalwaysthe  solutions is formed. For low values dfit is the AF, solution
lowest energy configuration of all the solutions in Fig. 2.and for higher values ol it is the AF, solution. However,
However, even though the AFolution is the global energy the AR, solution is only the lowest-energy configuration
minimizer in a large part of parameter space, at first sight iwvithin a narrow region of the phase diagram. Asor y
seems that this solution will be difficult to produce. In oneincreases, this solution becomes unstable to the Jdfution
layer the director rotates around the smectic cone in a clockhrough a first-order transitiotthe solid bold line in Fig. 3
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(a) F, thresholdless switching points in the phase diagram=0.2x10"® m, y=0 [Fig.
4(a)], d=0.2x10"® m, y=150 [Fig. 4b)], d=0.5x10"°
&4 m, v=150[Fig. 4(c)]. For large positive voltages the electric
E field will cause the directors to lie on one side of the cone
o 2 forming a ferroelectric state that we call Fpositive average
b 0 P,) while for large negative voltages the directors will lie on
8 the other side of the cone in the Fstate(negative average
a2 P,).
The K solution has been previously investigated in detalil
-4 and has been shown to undergo thresholdless switching, as in
4 2 0 2 4 Fig. 4(a), and therefore exhibits an analog graysdale,19.
Voltage (V) More interestingly, Figs. @) and(c) show that the AF state

may switch thresholdlesslgr hysteretically. At low values
of d the AF state is not fully formed in the center of the cell
and the cell switches continuously to the Br F_ state. For

d greater than about 0:310 ® m, the cell switches hyster-
etically between the fully formed AF state and the switched
state. In a similar way the AFswitches hysteretically, away
from the R-AF; transition line, and thresholdlessly, close
from the F-AF; transition line.

We now return to the remaining solutions, thejfdnd F,
states. As shown previously in Rdfl4], the AF; solution
switches thresholdlessly. In this case, in the bulk of the cell
4 -2 0 2 4 the material is in the vertical AF state with the polarization

Voltage (V) vectors parallel to the cell surfaces. When an electric field is
applied and there is no quadrupolar energy term the polar-
ization simply rotates to align with the field directidthis
form of switching will be further investigated in the next

(b) AF, thresholdless switching

P, (10 4C/m2)

(¢) AF, hysteretic switching

NE 4 F, section. Since the F state is always of higher energy than
=~ 5 the R-state we do not consider it further although it can be
3 shown that this state may switch hysteretically or threshold-
o 0 lessly.

CN We have therefore found only two ground states that will
o -2 switch thresholdlessly over large regions of parameter space,
4 E the K and AF; solutions. However, these solutions have

certain problems when considering experimental details.
4 2 0 2 4 Firstly the R solution was assumed to be the explanation of
Voltage (V) the switching mechanism in a cell at a temperature below the

FIG. 4. PolarizatiorP, (averaged over the cglersus voltage bulk F-AF tr«_’:lnSItlon temperqturES] and unless the cell '.S
for (@) d=0.2x10°5 m, y=0: (b) d=0.2x 106 m, y=150; (c) extremely th|_n, the Fstate will be unstabl_e. Then show in
d=0.5x10"5m, = 150. t.he next section that a quadrupolar ordermg term will stabi-

lize the F state and may explain the experimental results. As

previously mentioned, the AFstate may be difficult to
indicated by the 1'labe)). The instability of the Afr solution  achieve due to the counter-rotating director structures in ad-
is due to the high elastic energy regions close to the cellacent layers. We again show in the next section how this
boundaries that, for largeé and y, are of higher energy than thresholdless switching state may be achieved by breaking
the continuous distortion present in the Asolution. the anchoring constraints at the cell surfaces.

The spinodal lines in the phase diagram denote the limits
of absolutestability of the two AF states. Between the first-
order transition line and Lin Fig. 3, the AR solution is
metastable, while between the first-order transition line and In this section, we investigate how it is possible to pro-
L,, the AF, solution is metastable. The two spinodal linesduce thresholdless switching in a cell at a temperature in
meet as the first-order transition line terminates at a criticahich the bulk material would be in the AF state. We con-
point. For large values ofl the first-order transition line sider the two solutionsFand AF; that have been shown to
asymptotes to the second-order transition line, reducing thexhibit thresholdless switching in large areas of parameter
region in which the AF solution is the globally stable state space.
while the spinodal lines asymptote to fixed valuesyof Firstly, we consider the [Fsolution. In order to at least

Having found the zero-voltage ground states, we nowloocally stabilize the F state at a low temperature, a quadru-
consider the switching behavior at three points in the phaspolar energy term must be introduced. We start in the lowest-
diagram. Figure 4 showB,, the polarization in the direc-  energy state for the boundary conditiop&F,, Fig. 2c)]
tion (averaged over the cglas the voltage is varied for the and, once switched, the system can remain in the F state and

IV. PRIMING
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F. F, F. F,
o) 23
p= =
5 El
£ =
g 5,
N,? "",-': 2
Al Al
g 21 4
< g 5 1
A
(a) -12 -8 -4 0 4 8 12

Voltage (V)

FIG. 6. Priming to, and thresholdless switching of, the vertical
AF state. The polarization in thedirection, averaged over the cell
thickness, squared, versus voltage. Solutions along these response
branches are shown in Figs. 7-9.

in Fig. 5(a)] with the director configuration switching from
the ground statgsolid lines in Fig. %b)] to the switched state
[dashed-dotted lines in Fig(B]. From this point the F state

is metastable, due to the presence of quadrupolar ordering,
and will switch thresholdlessly in the same way as a twisted
smectic device[10,11] [indicated by arrows 2-5 in Fig.
5(@)]. In the bulk of the cell the director azimuthal angle
changes continuously from= 7 to ¢ =0 through the zero-
voltage ground statéh= /2 [Fig. 5(c)].

If the voltage is removed, the F state remains but the
system is in a high-energy metastable state. If the system is
perturbed(by surface defects, regions of AF ordering gtc.
The system reverts to the Aground state. We have con-
firmed this numerically by introducing a small numerical
perturbation to allow the system to relax to the ,Aftate.

5 02 02 06 03 A Onc_e th_e system has relaxed to the#g?o_und state it will
(©) ) Toad ) again prime into an F state upon application of a voltage and
then switch thresholdlessly. Such an effect would agree with

FIG. 5. Priming to, and thresholdless switching of, the twistedthe experimentally observed behavior previously mentioned.
smectic state(a) The polarization in the direction, averaged over The second situation we consider is priming into the ver-
the cell thickness, squared, versus voltag®. Initial switching tical AF thresholdless state, i.e., solution AfFig. 2(e)]. We

from the AF state to the F state. Thege and ¢, solutions corre-  now demonstrate how this vertical AF state may be obtained
spond to states along the response branch numbereda. ifct)
Thresholdless switching of the twisted smectic state where the so-

lutions for ¢, and ¢, overlap sinced,= ¢-. @ ov A ®) 7.3V .
¢) 2

then switch thresholdlessly as long as the quadrupolar orderg ?

3 3
ing is large enough. This is shown in Fig. 5. For this calcu- &2 g2
lation we have used the parameter valuks10 & m, y ::1 j_.l 8
=10® N/m?, and y,=10® N/m? and assumed that there ex- % e T
ists strong polar anchoring at the surfadlfg,=0 andW, R R A
—o [i.e., the directors at the surface are fixed to be
¢1,2(0)=0 and ¢, ,(d)=m]. It should be noted that if the () 7.35v @ 15v
strong anchoring condition is relaxed such thgf is finite T T ®
. . . . . . 3 ¢2 3

but large, the switching behavior remains qualitatively the 5 2 s
same. ) £ '

In Fig. 5(a), we have plotted the average polarization in :%‘ 4 Z_l
the z direction, squared, versus voltage to illustrate how the o
cell is first primed to the positive voltage F state () and 0 02 04 /d0'6 08 1 0 02 04 /d0‘6 08 1
then switches thresholdlessly between the F stafesdnd * “
Fo). FIG. 7. Solutions along the first priming bran¢labeled 1 in

As the field is initially increased, the ground AF state Fig. 6). BetweenV=7.3 andV=7.35, the anchoring breaks at one
switches hysteretically to the Fstate[indicated by arrow 1  surfacez=d.
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FIG. 8. Solutions along branches 2 andii3 Fig. 6). At V=0,
an AF state exists wherg,= ¢+ 7 in almost all the cells. As the
voltage becomes negative, the anchoring at the sudade breaks
(betweenV=—4.3 andV= —5.3) and the cell is almost completely 15V
in the F_ switched state.

=)
from a uniform surface stabilized AF configuration. For this 'g
calculation we have used the parameter valdiest0 6 m, ~
=
<

y=10% N/m?, andy,=0 so that there is no quadrupolar or-

dering and we assume that there is weak anchoving

=1.5X10"* N/m, W,=1.5x10"* N/m, which means the

polar anchored state is the global energy minimizer with a 03 0 06 0%

metastable antipolar statsee Fig. L ' Cd '
Figure 6 shows the response of the directors when, start-

ing with a surface stabilized AF statep{=0, ¢,=), a FIG. 9. Solutions along branches 4 andi% Fig. 6). The cell

triangular voltage waveform is applied. Figure 6 shows thehas now primed into the vertical AF state for which switching is

averageP, response(squaredl versus the applied voltage thresholdless. The cell cycles between the two F sta@beand (c)

while Figs. 7-9 show the director angle response whef"d the zero-voltage AF sta(b).

switching from O/ to 15V (Fig. 7 and response branch 1 in

Fig. 6), 15V to OV [Figs. 8§a)—(c) and response branch 2 in tion ¢,(0)=27 [which is of course equivalent tg,(0)

Fig. 6], OV — 15V [Figs. §c)—(f) and response branch 3 in =0].

Fig. 6(@]. Figure 9 shows the thresholdless response once From then on the cell switches thresholdlessly between

the cell has been prime@esponse branches 4 and 5 in Fig. the two F stategwith surface reorientation regions induced

6). by the anchoring conditions In the zero-voltage ground
Initially, when V=0, the directors are in the AF state state the bulk of the cell is in a vertical AF state, i,

¢1=0, ¢,= [Fig. 7/@]. At a critical voltage the bulk of =m/2, ¢,=3w/2 (Fig. 9).

the cell starts to switch to the,Fstate[Fig. 7(b)] and the Thus there are two priming steps corresponding to the

surface anchoring az=d breaks [Fig. 7(c)] since the breaking of two surface anchoring conditions. It should be

¢1(d) =0 state is only metastable while tlfg (d) =7 state  noted that for different parameter values, especially for

is globally stable. At the maximum field value most of the smaller values oW, ,, the second priming response may be

cell is in the F. state @, ,=m) except for the anchored very small.

region whereg,(0) is much smaller thamr [Fig. 7(d)]. As in the previous situation, therimedzero voltage state
As the voltage is then reduced to zero, the directors relaxthe vertical AF statemay only bemetastablegfor these pa-

to an AF state except near the anchored regian=ad [Fig.  rameter values. The original surface uniform AF staig (

8(c)]. As the voltage further decreases to large negative val=0, ¢,=m) may be the global energy minimizer and if the

ues, the directors move toward the Fstate @#,=0, ¢,  system was perturbed it would relax into the unprimed AF

=2m) and the metastable anchorigg(0)= 7 breaks[see state. Priming would then be necessary to achieve threshold-

Figs. 8d) and(e)] and switches to the globally stable posi- less switching.

<
—
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V. DISCUSSION For this investigation of priming we looked at only two
We have presented a theoretical model of switching in arpomts n parameter space and although such modes exist for
; : . a relatively large range of parameters we have not explored
AFLC material confined between surfaces that induce pola] )
. he whole of the parameter space. Indeed the number of vari-
surface anchoring. Low-energy ground states have bee

found and their quasistatic switching investigated. For differ-"!l1b|e parameters makes it virtually impossible to fully inves-

. . o igate the system. However with the aid of detailed experi-
ent parameters these configurations may exhibit threshold- L .
. o mental results it will be possible to reduce the number and
less or hysteretic switching.

range of variable parameters. Specifically experimental tech-

Lo _ ?ﬁiques such as surface evanescent fi@d] and guided
switching modes may be primed from AF ground states. Thg,q4e(21] analyses will be extremely useful in determining

first, a twisted smectic thresholdless mode, is stabilized beye girector behavior in the bulk and surface of the cell. The
low the smecticc—smecticE, phase transition by the pres- grface evanescent field technique will be particularly useful
ence of a quadrupolar ordering term in the free energy. Thgince it is able to probe the director structure near to the cell
second, a vertical AF thresholdless mode, is obtained fromryrface(between 100 A and 1000 A from the cell surface

the uniform AF state by two priming steps that involve and detect whether the surface switches between the AF and
breaking of the anchoring constraints at each of the cell surg states.

faces.
Although these two modes of switching are both thresh-
oldless they will have different optical characteristics. In the ACKNOWLEDGMENTS

first case the material is always ferroelectic and optically is a
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