PHYSICAL REVIEW E, VOLUME 65, 051710
Flexoelectric switching in a bistable nematic device
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We present a continuum theory model of switching in a bistable nematic liquid crystal device. The bistability
of the device investigated relies on the fact that one of the cell surfaces exhibits two stable anchoring states,
that is, two surface director orientations are locally stable. Since the other surface exhibits monostable, ho-
meotropic anchoring there are two possible ground state director orientations within the cell, depending on the
director orientation at the bistable surface. We first investigate the stability of these base states and find a
critical surface anchoring strength below which only one of the states is stable. We also investigate the process
of switching between the two stable states through the application of an electric field and the presence of a
flexoelectric polarization. At high field strengths the dielectric interaction with the applied field will dominate
the flexoelectric effect and may hinder switching. We find, therefore, tahdowof possible field strengths
exists within which switching occurs.
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[. INTRODUCTION display can be extremely poor, with the slightest external

With the dramatic increase in demand for portable elecpressure destroying the delicate smectic layering structure
tronic devices such as mobile phones, personal organizerand ruining the displayed image. In recent years alternative
computers, and games consoles, there has recently beerbigtable LCDs have been investigated in order to combat this
significant amount of research undertaken with the aim tgroblem[2—6]. These alternatives have all been based on the
decrease the power consumption and thus increases the batere traditional nematic LCD technologies that have been
tery lifetime, which ultimately affects the portability of such extremely successful in the display market over the last 25
a device. A significant factor in such a consideration is theyears. The ability to use existing production methods and
power consumption of the display, and considerable researdiquid crystal materials is an added bonus when considering
effort has been devoted to reducing the operating voltagethe cost effectiveness of such new technologies. These nem-
and minimizing the time over which a voltage must be ap-atic devices differ from the twisted and super twisted nem-
plied to the liquid crystal displagLCD) commonly used in atic displays commonly used in that, they usually contain a
such devices. surface treatment or surface morphology, which leads to bi-

A significant reduction in power consumption is achievedstability. One such bistable LCD technology is the zenithal
by using abistable display. In a bistable display, as in a bistable devic€ZBD) [5,6], which makes use of a nonplanar
monostable LCD, a layer of liquid crystal material is sand-substrate exhibiting a grating morphology and allows two
wiched between two glass or plastic substrates across whiabptically distinct director structures. The presence of the
a voltage may be applied, independently to each pixel of theomplex substrate morphology makes theoretical modeling
display. This applied electric field may alter the molecularof the ZBD display extremely difficult, and while some nu-
configuration of the layer of liquid crystal and thus alter themerical modeling has been carried out to show the configu-
optical characteristics of the display and, usually with the aidration of the static bistable stat¢S] there has been little
of certain optical filters, switch between a light and darktheoretical research into the mechanisms involved in switch-
state. However, in contrast to a monostable LCD, in ang between these states.
bistable LCD the two molecular configurations correspond- In this paper we construct and investigate a model of a
ing to the light and dark states are locally stable when théistable nematic device in which one of the substrates exhib-
applied voltage is removed. Therefore, power is only neededs zenithally bistable anchoring. This bistable surface allows
to switch from one stable state to another, in contrast to théoth homeotropic and planar anchoring, with both of these
monostable LCD, which requires power to switch betweersurface states being of equal energy and locally stable. When
andmaintainthe light and dark states. For electronic devicesthe opposite substrate exhibits fixed homeotropic anchoring
in which the image or parts of the image remain in a fixedthere are, therefore, two possible director configurations
state for some time, this would dramatically reduce the numwithin the device depending on the orientation of the director
ber of pixels to be addressed in one refresh cycle and corrat the bistable substrate. In this paper we do not suggest a
spondingly reduce the power consumption of the device. surface treatment that would produce such bistability but

Possibly the most researched bistable LCD technologgimply investigate the switching characteristics of such a de-
has been the ferroelectric liquid crystal displdy. Such a vice. We also propose that this model may be a good ap-
display exhibits two locally stable configuration states inproximation of the ZBD display described above. Our model
both of which the optic axis is contained within the plane ofdoes not include the exact surface morphology of the ZBD
the cell (and thus leads to favorable optical characterigticsdisplay but approximates the substrate by a planar surface,
and allows fast switching between states so that video ratehich allows two alignment states, as in the ZBD display. If
addressing is possible. However, the shock stability of such this approach is used as a model of the ZBD, careful consid-
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(a) vertical state (b) HAN state FIG. 2. With pear-shaped asymmetric molecules and a perma-

FIG. 1. The simple bistable cell. The lower substrate exhibitsn,em molecular electric dipolg an apP”Ed field will infjuce.a splay
bistable anchoring such that both the:0 and§= /2 orientations  distortion as the molecular dipole aligns along the field lines. An
are stable. With fixed homeotropic anchoring at the upper substrat%'ecmc field in the opposite direction will induce a different distor-
there exist two possible director configurations within the qejl.  ton-

The vertical state, wheré= /2 throughout the cell, an¢b) the

hybrid aligned nemati¢HAN) state, where the director varies from _From Fig. 1 we see thé}t by applying an electric field in the
a homeotropic to planar orientation through the cell. zdirection it may be possible to switch from the vertical state

to the HAN state in a negative dielectric materidl<0)

eration must be given to the exact nature of tpproximate  through the dielectric effect since the field will tend to orient
surface and the importance of properties such as the surfacthe director perpendicular to the field direction. For a posi-
relaxation coefficient will be discussed later in this paper. tive dielectric material £>0), switching from the HAN

In our theoretical model, the directdthe unit vectorn  state to the vertical state may be possible through the dielec-
describing the average local alignment of molecules in theric effect since the field tends to orient the director parallel
liquid crysta) at one substrate is fixed at an angle ®f to the field direction. An important question is “How does an
= /2 from the horizontalstrong homeotropic anchoring applied electric field switch the cell in the opposite way?”
whereas at the other substrate a bistable surface energy dlhat is, from HAN to vertical in a\e<0 material and from
lows two stable state®)=0 or = /2 (as shown in Fig. 1 vertical to HAN in aA e>0 material. In this paper we inves-
The two bistable states are, therefore, Wegtical state in  tigate the possibility that thélexoelectriceffect [7,8] may
which the bistable surface of the cell is anchored homeotroeounteract the dielectric effect and enable bistable switching
pically so that the director is in thedirection throughout the between both states.
cell, and thehybrid aligned nemati¢HAN) state where the In general a nematic liquid crystal molecule is asymmet-
bistable surface of the cell exhibits planar anchoring and theic, for instance, the pear-shaped molecules depicted in Fig.
bulk of the cell contains a linear gradient éhfrom homeo- 2, and contains a small permanent electric dipole. When an
tropic orientation @=/2) at the upper surface to planar electric field is applied to such a liquid crystal material, the
orientation @~0) at the lower surface. In a subsequent secsmall permanent molecular dipoles will align with the field
tion we see that, due to the elastic distortion within the HANand in doing so induce a splayed distortion due to the mo-
state, the director at the lower surface is not exactly in thdéecular shape. For an electric field in the opposite direction
planar orientation and, thereforé(0) is nonzero. We will the induced distortion is reversed. Another consequence of
calculate the change in the director orientati®fz,t) the molecular asymmetry and permanent dipole is that if a
through the cell as switching between these two states osplay distortion is induced, a macroscopic permanent
curs. This switching will be influenced by a variety of factors dipole—the sum of the molecular dipoles—will form within
including flexoelectricity, the voltage across the cell, thethe material. A similar effect occurs, with a corresponding
length of time for which the voltage is appligthe pulse bend distortion, for bent or banana shaped molecules. An
length, elasticity, viscosity, and anchoring strength. important aspect of thilexoelectriceffect is that a positive

In most nematic liquid crystal devices it is the dielectric electric field and a negative field indudéferentdistortions.
effect that is utilized in switching between the light and darkWe will show that by utilizing the flexoelectric effect we
states. That is, an applied electric field induces a moleculamay switch the bistable cell in Fig. 1 between the HAN and
dipole and thus orients the molecules to align with the fieldvertical states for both positive and negative dielectric mate-
direction. How the molecules align with the field is depen-rials. Whereas previous theoretical research into the flexo-
dent on the difference in dielectric permitivities paralle|)(  electric effect has concentrated on the effects on cholesteric
and perpendiculare| ) to the long axis of the molecule. If helix distortion[9] and monostable liquid crystal cel[40],
the difference in permitivities Xe=¢|—€,), the dielectric ~we will consider a bistable device in which flexoelectricity is
anisotropy, is positive the molecule will align the director ~ of crucial importance when switching between states.
parallel to the electric field. If the dielectric anisotropy is
negative the induced dipole causeso align perpendicular Il. THE MODEL
to the field. This effect is dependent on only the magnitude
of the electric field and not the direction, and consequently a We intend to model the bistable device described in the
positive voltage applied to the cell will have the same effectpreceding section using a simplified version of the nematic
as a negative voltage. continuum theory of Ericksen and Lesli@1,12 in which
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the fluid flow is neglected while the angular motion of the ther of the two stable director configurations. Such a surface
director is retained. In doing so it is necessary to constructingnergy term must exhibit energy minima at two distinct di-
the free energy of the liquid crystal within the cell, which rector configurations, the planar and homeotropic states. The
will be a function of the directon(z,t) at positionzthrough  simplest form of such an energy term is similar to the com-
the cell and at timé. The free energy will contain compo- monly used Rapini-Papoular surface enef@$], that is, a
nents describing the elastic energy of director distortionsinusoidal function of the director orientational angle such
within the liquid crystal layer, an approximate electrostaticthat the minima occur at the stable director orientations.
energy that will include the flexoelectricity of the material, If the director remains within the plane of the two bistable
and the surface anchoring energy of the bistable surface. director configurations, we defireas the angle between the

In constructing the free energy of the cell we will make director and the plane of the cell surfaces so that the director
certain simplifying assumptions in order to reduce the numis n=(cos#,0,siné) as in Fig. 1. Assuming that the director
ber of model parameters and to ensure that the resulting difs homogeneous in the plane of the cell and depends only on
ferential equations are analytically tractable. We use thehe coordinate along the cell surface normal we may, there-
common “one-constant approximation” for the elastic en-fore, assume that the director angle is a function of only the
ergy so that the liquid crystal is assumed to be elasticallydistance through the cell and timés= 6(z,t).
isotropic. Such an approximation may be questionable if the With these assumptions the total free engimgr unit area
liquid crystal layer contained any twist distortion of the di- in the xy plang, the sum of the bulk and surface energy
rector since the twist elastic constant is usually significantlyterms, is
smaller than the bend and splay elastic constants. However,
since we only consider splay and bend distortionnoive d1 96\ 2 )
may be confident that such an approximation leads to atleast ~ F= fo 5[45) — €A €E? sir? 61— (e11+ €g3)
qualitatively correct behavior.

Possibly the most significant approximation used in con- 9
structing the free energy is in the form of the electrostatic XE—sin(26)
energy. We will assume that the electric field is constant
throughout the celfand in the direction perpendicular to the
cell surfacel whereas, in reality, it is the displacement field

D that is constant through the cell and the electric f|eld(2) exhibits minima a®(01) =0 or B(0.1) = /2, that is, the

should be calculated by solving Maxwell's equations, Wedirector atz=0 is planar or homeotropically anchored. The
have used such an approximation in order to simplify the N P picaily :

governing equations and obtain analytic results for quantitieE"’“""meteN;/f;h's I(;no;/\r/]n ??hthe anchorlng_s_treng'ta\rl S?d IS 'at
such as the critical switching field strength but we note thafneaSLf[retﬁ ¢ tre1 ﬁp OI t?S? ene_rgyEmln_lma. h th 'St gom
such an approximation will be acceptable if the dielectricV€ NO'€ that the Tiexoelectric term in @) is such that |
anisotropy of the liquid crystal is small. With such an ap- _'9>0 a posmve_e_,-lectrlc f|_eld can reduce the f_ree energy by
proximation, the electric field strength may be related to thénducmg a positive gradient i and a negative field by

total voltage across the cell liy=V/d, whered is the thick- Inducing a negative gra'dien.t 0 A useful simplification pf
ness of the liquid crystal layer. However, in this paper wef[he ﬂexc_)electrlc energy in t_h|s systgm can be seen _by directly
integrating the flexoelectric term in E@2) to obtain the

will subsequently refer to the magnitude of the electric field ; . .
following free energy, up to an additive constant that will not

E rather than the voltage applied across the cell. 0 th b L f th )
These energy terms form the bulk free energy appear in the subsequent minimization of the energy:

dz+W, sirf[26(0t)], 2

whered is the thickness of the liquid crystal layer in the cell.
As previously mentioned, the surface energy term in Eq.

K d1f [d6)\? .
Fouk= L E{(V-n)2+(V><n)2} FZLE K(E) — €A eE? sir? 6|dz
- EOZAG(E-n)Z—P-E}du, 2 —@E cog20(01)]+ W, SirZ[26(01)]. (3)

where) is the region of the liquid crystal within the cell. The Thus, the presence of flexoelectricity has effectively altered

first term in Eq.(1) is the elastic energy wherk is the the surface energy. The original surface energy

isotropic elastic constant. The second term is the dielectri?Vosin{26(0t)] has minima at the planag(0t)=0, and

electrostatic energy, where,=8.854x10 2 C?2/Nm? is  homeotropic,6(0t) = m/2, surface statetsee Fig. 3. How-

the permittivity of free space\ € is the dielectric anisotropy ever, the flexoelectric terni—(eq;+ e33)/4]E cog26(0t)]

of the liquid crystal material, ané is the electric field across has a minimum atf(0t)=0 and a maximum a#(0)

the cell. The third term in Eq) is the flexoelectric energy, = /2 when 1,1+ €e33) E>0 and, conversely, a maximum at

whereP=e;;(V -n)n+es3(V X n) X nis the flexoelectric po- #(0t)=0 and a minimum atf(0t)==/2 when (4

larization[8] present due to the permanent molecular dipolet ez3) E<O0. Thus, when €1+ e33) E>0 the flexoelectric ef-

and molecular asymmetry described in the preceding sectioffiect destabilizes the homeotropic surface state and stabilizes
The total free energy also includes an energy term dethe planar surface state, but whes (+ e;3) E<0 the oppo-

scribing the preference for the bistable surface to exhibit eisite occurs.
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(@ 36 30 _
sin2(20) MSE(OI) = KE(OI) —2W, siM46(0t)]
—EE sin26(0,)], (5)

where we have defined an average flexoelectric coefficient
Eis=(eq1te33)/2 and ug is the surface relaxation coeffi-
cient. The surface relaxation coefficient is sometimes called
the surface viscosity and may be dimensionally compared to
the bulk viscosity byus=vyu, where vy, is a “surface
length” thought to be of the order of the molecular length.
(b) Therefore, the surface relaxation coefficient is usually con-
1.0 sidered to be significantly smaller then the bulk viscosity.
+COS(26) However, as we d_iscuss in Sec. VI, ir_1 the mod_e_l of the ZBD
' display the effective surface relaxation coefficient may be
0.51 considerably larger. At the other cell surface=(d) we will
assume infinite anchoring in the homeotropic state so that

-1.0 -0.5 0 0.5 1.0 1.5 2.0 25

H(d,t)zg. (6)

The following sections will be devoted to solving Ed)
subject to the boundary conditions in E¢S) and(6). How-
ever, we can make some qualitative observations as to what
T we expect to happen in such a system.

The first point to note is that the dielectric interaction
between the electric field and the director is proportional to
FIG. 3. A graphical representation of the effective surface enE* while the flexoelectric interaction depends linearly@n
ergy. (a) The bistable anchoring leads to a term with minimadat Therefore, we may expect the flexoelectric interaction to
=0 and #==/2. (b) The flexoelectric effect leads to a term that dominate at low fields and the dielectric interaction to domi-

may destabilize the homeotropi= /2 state for €,,+e33) E>0 nate at high field strengths.
or destabilize the plana#=0 state for €;;+e33) E<O. With a positive dielectric anisotropyA(e>0) the dielec-
tric interaction will tend to align the director with the electric

Considering the sum of these two surface energy terms w ield in the z direction. Therefore, the vertical state will be
see that, if we initially assume that;+e;;>0, then the avored by the dielectric interaction and switching from the

0(0t)=0 state is stable whea> —8W,/(e 1+ e33) and the PAN s(;atpe\ th> the vertri]calf_s'::te shoulﬁ _be ref:]!at_ivelly sr:_ratzght-
0(0t)=m/2 state is stable fOE<8W,/(e11+€33). FOre orward. As long as the Tield strength Is sulliciently high to

+e33<0 the same effect occurs for the opposite signs of thé)reak_ the plaqar surface anchoying and QOminate any fl_exo—
electric field. This stabilization/destabilization of the surface‘alecmc.‘affect It §hould be pqsyblg to switch o th? ve.rtlcal
states will be clearly seen in the subsequent analytic anatate with a positive or n_egatlve field st'renlgﬁwn.chlng S
numerical results. Thus, through the flexoelectric effect, Wéndep_en_dent of_the polarity of the electric field since the di-
can control the stability of the surface orientation states byF €Ctric intéraction depends @f). We have also noted that

altering the magnitude and direction of the applied eIectricfor E>O_the flexoelectric term stabilizes t_he pIana_r _surface
field. state while the homeotropic surface state is destabilized, and

Using this free energy equatiofB), and neglecting the for E<0 the flexoelectrig:_ term stabilizes the homeotropic
fluid velocity in the Ericksen-Leslie equatiod1,17 we surfage state and dt_astablllzes the planar surface state. There-
obtain the governing equation for the director motion in thef0re: in order to switch from the vertical state to the HAN
bulk of the cell, state we will need to apply a positive field, to destabilize the
homeotropic anchoring and stabilize the planar anchored
state, of a strength that is sufficiently high to break the ho-
90 20 eAe meotr.opic anchoring but suffic':iently.low so that the flexo-
u—=K— + g sin(26), (4)  electric effect dominates the dielectric effect.
ot 22 With a negative dielectric anisotropic materidle<0, a
similar effect occurs. In this case the dielectric effect tends to
align the director perpendicular to the electric field. Thus
where u is the viscosity associated with rotation of the di- switching from the vertical state to the HAN state should be
rector. From variational principles, at the bistable surface opossible through the dielectric effect with a sufficiently high
the cell z=0) we obtain the boundary condition positive or negative field. In a similar way to the>0 case

planar homeotropic
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switching from the HAN state to the vertical will require an 1.6
intermediate negative electric field strength. vertical
One other point is worth mentioning at this stage. There 12
exists a parameter symmetry with the above equations, K
which means we need only consider positive flexoelectric —o8
coefficients,E;3>0. We notice that ifE3 is replaced by = et
—E,3 and E is replaced by—E the equations remain un- 0.4 {
char)ged. This symmetry will be evident in the following \ﬂ"‘
sections. 0.0 .
0.0 1.0 2.0
IIl. STABILITY OF BASE STATES Wod)/K

In order for the device discussed in this paper to be used FIG. 4. Stability of the HAN and vertical states at zero electric
as a bistable nematic display it is clearly necessary for théeld. For an anchoring strengtW,>0.575&/d the HAN state,
cell to exhibit two locally stable static director configuration whered(0) is close to zero, is achievable. Solid line denotes stable
states at zero field, the vertical and HAN states. The verticafolutions and dashed line indicates an unstable solution.
state contains an undistorted director configuratié(z) i L )
= /2, while in the HAN state there exists some distortion asState. An anchoring strength less than this critical value will
the director rotates from the homeotropic state at the upperleSUIt in the vertical state beir_1_g the only stable state and the
surface to the planar state at the lower surface, see Fig. 1. ff!l would not achieve bistability.
fact the director will not exhibit an exactly planar configura-
tion at the lower surface since there exists a torque on the IV. STATIC SOLUTIONS

surface dlre_ctc_Jr due to the_elastlc distortion in t_he bulk of the 1o partial differential equatiorid), for the dynamics of
cell. To minimize the elastic free energy the director would

fer to be i distorted p ’ d thus th d_switching in the bistable cell will later be solved numerically,
preter to be in an undistorted configuration and thus the diy,,yeyer the static equilibrium configurations may be found

rector at the lower surface feels a torque tending to align Hanalytically by solving the associated time-independent
with the fixed homeotropic director at the upper surface. IfBroblem for6(2)

the lower surface anchoring strength is strong enough, th

surface anchoring torque is sufficient to balance the elastic d20  eAe
torque and the HAN state is maintained. However, if the 0=K —+ 0 E2sin(20), 9
surface anchoring is too weak, the elastic torque will break dz 2
the planar anchoring and the cell will spontaneously switch ,
to the vertical state. where at the bistable surface of the caelH0), we have the
We can see this effect by solving the time-independenPoundary condition
version of Eq.(4) with no applied electric fieldE=0, and do
subject to the boundary conditions in E@S) and (6). The 0=K —(0)—2W, sif46(0)]— E4E si26(0)]
solution of this relatively simple equation i8(z)= /2 dz
+[6(0)— m/2](1—z/d), where 6(0) is determined by the (10
equation and at the other cell surface<d)
0—0(0)—54‘ K sin46(0)]. (7) a(d)ZE' (11)
One solution of Eq(7) is clearly 6(0)= /2, the vertical The bulk equation(9) is the static sine-Gordon equation
configuration. If we rearrange E(7) we find and is known to exhibit solutions involving elliptic functions
[14]. The difficulty in the present situation is the complicated
Wod _ m—26(0) ) boundary condition at=0, Eq.(10). However, we may still
K 4sif46(0)]’ write down the solution of this equation in terms of an inte-

gration constant that must be found numerically. Solutions to
which is plotted in Fig. 4. We see that there exists anothegq. (9) are
solution such that(0)~0, the HAN state, ifW, is greater
than a critical value. The third solution whe6g0) takes a - (—eoA€)E?
value between the planar and homeotropic state leads to an 6+(z)= E—Sin*l s = \/————(d-2),«
unstable director configuration and will not be considered K
further. Figure 4 also indicates that as the anchoring strength (12)
W, tends to infinity, the director at the lower surface in the
HAN state tends to the planar configuration. Solving numeriwhere snq, ) is an elliptic function defined as the inverse
cally for the critical point it is found that the anchoring of the elliptic integral of the first kindF(u, ) [14] and « is
strength must satisfi?vg>0.575&/d to maintain a HAN the constant function of(0) given by
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- — egAeKE?
“ {2W, SiM46(0)]+EE i 26(0)]}2— epA eKE2 sir?[ 6(0)]

(13

The value 0ofg(0) is found by numerically solving the equa- the boundary condition at=0 and the other satisfies the

tion boundary condition at=d. In this case a composite solution
must be constructed so that
T (—€gA€)E?
0(0)= = —sin *|sn * \/—————d,« (14 0 for O0<z<z*
2 KKZ . +
0= ()
_ for z =d,

There are a couple of points to note in this solution. From
Eqg. (13) we see that ihe<0 thenx?>0 and thus« is a real wherez=z* is the point wheral§, /dz=0=d6_/dz
number so that the argument and modulus of the elliptic Solutions forAe<0 andAe>0 are shown in Figs. 5 and
function in the solution EQ(].Z) are both real. However, if 6, respective|y, for the parameter valueK =1.63
Ae>0 it is possible thatk?<0 so thatk is an imaginary x10 1! N, Ae==*57,d=1 um, E;3=4%x10° C/m,
number and thus the modulus of the eIIIptIC function in Eq.WO: 1.63X 1075 N/m. As discussed in the preceding sec-
(12) is imaginary. However, this does not imply an imaginarytion, the case for negative flexoelectric coefficief;,
solution since the properties of elliptic functiofts4] give =—4x10° C/m, would give the same static solutions for
the opposite field strengths.
1 sd uyitK? k For Ae<O0, Fig. 5 shows the director configuration for
J1+K2 "J1+ K2 both the stable vertical and HAN states wHes 0 as well
as the director configurations for various positive and nega-

where sdg,k) is the elliptic function defined in terms of tive electric field strengths. For negative field strengths we

sn(u,ik)= (15

standard elliptic functions as see that, as predicted in the Sec. II, @)= m/2 surface
state is stabilized while the dielectric interaction in the bulk
sduk) = sn(u,k) (16) of the cell tends to align the director perpendicular to the

dn(u,k)” field, that is, in thex direction so that~ 0. For positive field

strengths thed(0)=0 surface state is stabilized and again
The static solution in Eq12) also indicates that there are the pulk of the cell is aligned so tha=0.

two possible solutions associated with the positive or nega- From Fig. 5 we would imagine that, for a positive field
tive argument of the elliptic functioriwhich we have de- strength, if the static electric field is removed, the cell would
noted byd.). These two solutions, and6_, correspond  relax to the HAN state. However, it is not as straightforward
to two functions for whictd 6/dz<0 andd6/dz>0, respec-  for the negative field strength case. The directorzat0
tively. While for certain parameter values one of these soluyould tend to relax the director configuration into the verti-
tions may satisfy both boundary condition 280 andz  ¢a| state but the bulk of the cell is close =0 and may
=d, for other parameter valugs our situation we will see  force the system to relax to the HAN state. Whether the
that this occurs wheh e<0) one of the solutions satisfies

V<0 V/um (vertical)
0 V/um (vertical) 150 ]
150
1.25 |
125 |
0V/ium (H g 100
< o0 -2 V/um um ( g
g @ 975
075
g -5 V/um 050 |
7 +2Vium 025 |
025 | +5 V/um
0.00 T T T T T T T T T
000 0.00 0.20 0.40 0.60 0.80 1.00
000 | o2 ' os0 | os | os0 | 100 z/d
z/d

FIG. 6. Static director configuration fdte>0. WhenE=0 the
FIG. 5. Static director configuration fdte<0. WhenE=0 the = HAN and vertical states are stable. For nonzero field strengths the
HAN and vertical states are stable. For nonzero field strengths thdielectric effect in the bulk of the cell causes a homeotropic director
dielectric effect in the bulk of the cell causes a planar directoralignment,6~ /2. The flexoelectric effect stabilizes the planar sur-
alignment,6~0. The flexoelectric effect stabilizes the planar sur-face alignment6(0)=0 for E>0 and the homeotropic surface
face alignmentf(0)=0 for E>0 and the homeotropic surface alignmentf(0)= /2 for E<0. Therefore, for alE<O0 the director
alignment§(0)= /2 for E<O0. configuration is exactly the vertical sta@#éz)=0.
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E,, (10° C/m) E (10° C/m)

0.21 0.21

E<0 switching E>0 switching

E<0 switching impossible 0.1 possible
hindered E>0 switching

enhanced

05 1 15
Electric field (V/um)

0.5 1 1.5
Electric field (V/um)

E<0 switching 1-0.1 E>0 switching
possible impossible

FIG. 7. Analytic results for the critical field strength above  FIG. 8. Analytic results for the critical field strength above
which distortion of the vertical state occurs whar<0. ForEiz  which distortion of the vertical state occurs whae>0. ForE,4
>0 the flexoelectric effect reduces the critical field strength when>0 the flexoelectric effect enables switching to occur wEer0
E>0 and increases the magnitude of the critical field strength whegvhile for E;3<0 switching only occurs foE<O0.

E<O0. The reverse effect occurs whens<0.
versions of the bulk equatiofd) and the boundary condi-

surface anchoring alignment or the elastic realignment in thd0ons, Eds.(5) and (6), and in looking for the critical field
bulk of the cell dominates after the field is removed will be Strength we assume that at a field strength slightly above the
further investigated when we numerically solve the dynamicchitical valueE=E.+0O(4), for a small parametes<1, the
equations. director configuration will be perturbed from the vertical

For Ae>0, Fig. 6 shows the static equilibrium director State so that
configurations for various field strengths. In this case the -
dielectric interaction in the bulk of the cell causes the direc- 0= —=—356,(2). (18)
tor to align with the electric field, i.e., such thét /2. For 2
a positive field strength the fl_exoelectric inte_racti_on stabilizes]-hus 56,(2) is the perturbation from the vertical state, and
the 6(0)=0 surface state while, for a negative field strengthupon linearization Eq(4) gives
the flexoelectric interaction stabilizes ti#¢0)= /2 surface
state. Thus, for a positive field strength there is a competition d20,
between the bulk and surface orientation, as in Ahe<0 O=K——eOAeE§01, (19
case, and the cell may relax to either the HAN or vertical dz?
state. In contrast, the solution for all negative field strength
is simply the vertical state.

In summary, forAe<0 a positive field strength will al-
ways lead to the HAN state while a negative field strengt
may lead to either the HAN state or the vertical state. Fory
Ae>0 a negative field strength will always lead to the ver-
tical state while a positive field strength may lead to either 4W, \/m
the vertical state or the HAN state. Eja= + (20)

Ec —€pAe
2 ta E.d
V. VERTICAL TO HAN SWITCHING K

Before resorting to a numerical solution of Ed) we can  if Ae<0 or
make some analytical progress by considering the switching

The solution of which is easily found in terms of exponential
or sinusoidal functions depending on whetldar>0 or Ae
h<0, respectively.

The boundary condition&) and(6) then lead to the con-
ition that

from the vertical to HAN state. Since the vertical state has a 4W, VepAeK

simple mathematical forn#(z)=/2 and switching to the E= + (21)
HAN state occurs at a threshold similar to the classical Ee €0l e

Freedericksz transition it is possible to analytically calculate 2tan Ecd

the critical field strength for this transition using a perturba-

tion expansion. To investigate the HAN to vertical switchingif Ae>0.

in such a way would be impossible since there is no distinct This gives us a relationship between the critical field and

threshold field so that the HAN director configuration will the flexoelectricity as shown in Figs. 7 and 8 for the same

distort when any nonzero field strength is applied. parameter values used in the preceding sectbm:1.63
For vertical to HAN switching we proceed using the static X107 N, Ae =+5.7,d =1 um, Wy=1.63x10"> N/m.
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For the case of a negative dielectric anisotrdpig. 7) with TR (a) Low negative field: e <0
no flexoelectricity E13=0), the critical field for positiveE
equals the critical field for negativie and introducing flexo-
electricity breaks this symmetry so that fB5;<0, switch-
ing with a positive field occurs atlgherfield strength than
with a negative field strength. Fd&t,5>0 switching with a
positive field occurs at dower field strength than with a
negative field strength. This behavior agrees well with the ™ ¢ 3
qualitative argument discussed in Sec. Il. Bor<0O the di-
electric effect alone will be able to switch from the vertical (b) Intermediate negative field: Ae <0
to HAN state. However, the effect of flexoelectricity in this
situation is to stabilize the vertical staffor E;;E<<0) and
thus hinder switching from the vertical state, or destabilize
the vertical statéfor E;3;E>0) and thus promote switching.

For a positive dielectric anisotropfFig. 8), unlike the
case with negative dielectric anisotropy, only a positive field
strength will switch the cell ifE;3>0 and only a negative zd-0%
field strength will switch the cell iE3<0. With E;3>0 and
a negative field strength, both the dielectric effect and the
flexoelectric effect prefer, and thus the cell remains in, the  Han
vertical state. With positive field strength the dielectric effect
still favors the vertical state but the flexoelectric effect favors
the HAN state. For negativE,; a similar argument applies
due to the parameter symmetry discussed in Sec. Il

Such a critical field strength is the value below which
switching will not occur. As we will see in the following ,,_,
section there are a variety of factors such as elastic and dy °
namic effects as well as the exact form of the electric field
applied (i.e., triangular wave form or pulsed fig|dwhich FIG. 9. The director configuration through the cell when a
determine whether the cell will switch to another state aboveulsed electric field is applied for three different field strength val-
the critical field strength determined in this section. The criti-ues. (&) E=-0.2 V/um, the flexoelectric effect is not strong
cal field strength we have found is the threshold at which @nough to destabilize the planar surface anchorirg=a1 and the
director distortion occurs. For the cell to switch from the cell does not switch out of the HAN statés) E=—1 V/um, the
vertical to HAN state the director at the bistable surface musfiiexoelectric effect is strong enough to destabilize the planar surface
pass theg(0)= /4 position so that the transition from ho- anchoring az=0 and the cell switches from the HAN state to the
meotropic to planar anchoring occurs. To consider the fylvertical state(c) E= —3 V/um, although the flexoelectric effect is

switching of the cell we must solve the governing equationssufﬁcient to destabilize the planar surface orientation the dielectric
numerically effect within the bulk of the cell creates a torque on the surface

director when the field is removed, and the cell returns to the HAN
state.

Al
l i field off
!
3
Z

6
time (1 03 s)

vertical
field off

il

6
time (1 03 s)

VI. PULSE SWITCHING _ o o o
A full investigation of the switching characteristics may

In preceding sections, through an understanding of thenly be attempted by solving the full nonlinear partial differ-
competition between energy terms and analytical solutionsential equationg4), (5), and (6). In this section we solve
we have made qualitative predictions as to the behavior ofhese equations using a standard numerical relaxation
the bistable nematic cell. We have proposed that, for a mamethod. Initially (at t=0) we set the director configuration
terial such that e<0, switching from the vertical to HAN in either of the two zero-field, static equilibrium states, that
state should be achievable wiit>0 through the dielectric s, in either the HAN or the vertical state shown in Figs. 5
interaction, but may be hindered by the flexoelectric interacand 6. In the model we then apply a single electric field pulse
tion for E<0. Switching from the HAN to vertical state will ~ for a fixed time G<t<t, s during which the electric field is
be hard to achieve witkE>0 since both the dielectric and taken to be a constant valie= Ese. The pulse time,;se
flexoelectric interactions prefer to remain in the HAN state.is taken to be sufficiently long to allow the director configu-
It may, however, be possible to switch from the HAN to ration to reach an equilibrium state, the static configuration
vertical state withE<O since the flexoelectric effect will found analytically in Sec. IV, and then the electric field is
favor switching. removed so thaE=0. The system is allowed to equilibriate

For a positive dielectric materiah e>0, the opposite ef- once again and the final state, either HAN or vertical, is
fect is expected. Switching from the HAN to vertical state isrecorded. Three such runs of the numerical code are illus-
expected to be achievable with<0 and less likely withE  trated in Fig. 9.
>0. Vertical to HAN switching will be hard to achieve with In order to investigate switching from the HAN to vertical
E<0 but may be possible witE>0. state for a material such thate<0 we have calculated the
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(a) vertical to HAN (b) HAN to vertical

¥,=0.01 E,s (10° C/m) ¥e=0.01 E,; (10° G/m)
X3 6

Yg=0

L4 FIG. 10. Switching regions for different
flexoelectric coefficient€,; and surface relax-
ation coefficientsus=ysu whenAe<0 and for

Switch
No
Switch

IS

¥s=1 both vertical to HAN and HAN to vertical
switching.

2
No
2 Switch

Switch 1

5 -4 -3 -2 - 0 1 -4 -3 2 — v

E (V/um) E (V/um)

director configuration through the cell, which is initially in removed at=t, . an elastic torque between the bulk re-
the HAN state, as a field pulse is applied and then removedjion and the surface region forces the surface director back
Figure 9 shows the change in the director configuration as # the planar state. The cell is forcedckto the HAN state
function of time for three field strengths and the parameteand the cell doesotundergo switching. Therefore, while we
values K=1.63<10 1N, Ae==+5.7,d=1 um, E;3=4 can achieve switching between the HAN and vertical states
X 107° C/m, Wp=1.63x10 ° N/m, ©=0.163 Ns/m, us for Ae<O0, it is only within a fixed range of field strengths.
=1.63x10 4 Ns/m. According to the preceding sections The extent of this switching window will clearly depend on
such a switch between states is favored by the flexoelectrithe choice of system parameters and we now investigate the
interaction but not by the dielectric interaction. In Figaga  effects of altering two of the more important parameters, the
relatively low field, of strengtiE=—0.2 V/um, is applied flexoelectric coefficienE,; and the surface relaxation coef-
and the flexoelectric effect is insufficient to break the planafficient wug. Figures 10 and 11 indicate how the regions of
surface anchoring a&= 0 and thus switching does not occur. switching change with varyinge,; and ug for Ae<0 and

In Fig. 9b) the applied field strengthH=—-1 V/um) was Ae>0, respectively, for both cases of switching, from HAN
sufficient for the flexoelectric effect to break the planar sur-to vertical and vertical to HAN.

face anchoring and align the director neax 0 in the ho- If we first consider the switching regions for zero surface
meotropic state. Thus, when the field is removed, the systemelaxation coefficient we see that as indicated at the start of
equilibriates to the vertical state and the cell has beeithis section, switching from vertical to HAN state is possible
switched. In Fig. &) a larger field strength ofE in the Ae<0 casg[Fig. 10a)] for E>0 andE<O0. As sug-
=—3 V/um is applied so that, while the surface anchoringgested in preceding sections, we see that switching from
is broken and the director closeze-0 is in the homeotropic HAN to vertical state in thel e<0 case[Fig. 1Qb)] is not
state, the bulk of the cell is forced, through the dielectricpossible forE>0 while there is a region of switching for
interaction, to lie in a planar orientation. After the field is E<0 (as we found in Fig. 9 when we fixe@ ;=4

(a) vertical to HAN (b) HAN to vertical
. =0.01 .
Eyg (10°Cm) ) :? E, (10°C/m)  ¥,=0.01
6 \ §

Switch

FIG. 11. Switching regions for different flexo-
electric coefficientsE;; and surface relaxation
coefficientsus= ysu whenAe>0 and for both
vertical to HAN and HAN to vertical switching.

Switch

2 No Switch ts=
o
]
0 1 2 3 4 Y 1 2 3 4 5
E (V/um) E (V/um)
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x107° C/m). For larger values oE,; the range of field 10(b) where the switching region increases as the surface
strengths over which switching can occur increases since thi€laxation coefficient is increased. Such an explanation can

flexoelectric interaction may then dominate the dielectric in-P€ given to explain all the changes in switching regions as
teraction at larger field strengths. the surface relaxation coefficient is increased in Figs. 10 and

Figure 11 shows the equivalent switching regionsAer 11. ) _ i )
>0. For =0 the range of field strengths over which the When the SL_Jrfaqe orientation and bulk orientation are the
cell switches also increases as the flexoelectric coefficierfiaMe When a field is applied, i.e., >0 whenA <0 and

increases. It is interesting to note that in this case the regioanr dEsig‘achQedri]égtz r(; ;;gzriéssz?fg;qgﬁe%?gﬁﬁgﬂ(t)hnesgu{lr(]at
of switching from the vertical state to the HAN state for

~0 [Fig. 11(@)] is smaller than the region of switching from altering the surface relaxation coefficient does not effect the

critical switching field strength.
the HAN to vertical state foE<<O in the Ae<<0 case[Fig. g g
10(b)]. This is because the cell has a fixeq homeotrop.ic §tate VIl. CONCLUSION
at the upper surfacé(d)==/2. The elastic energy within _ _
the cell makes it energetically preferable to remain in the In this paper we have examined the effects of flexoelec-
vertical state, with zero elastic energy, rather than in thdfiCity on switching in a one-dimensional, model bistable
HAN state, which has a nonzero elastic energy. Therefor&€ll. We have seen that for the cell to be bistable it must have
switching into the vertical state is energetically favored over® Sufficiently high anchoring strength to maintain stability,

switching into the HAN state and hence the smaller region oftnd the strength of th? _field required to SWitCh. a cell from
switching. one state to another critically depends on the sign and mag-

With a nonzero surface relaxation coefficient nitude of the electric field, the magnitude of the flexoelectric

~0.01, that i, . is very small compared to the bulk vis- coefficient, and the surface relaxation coefficient.
LT Hs Ty s pa o For Ae<0 both positive and negative field strength can
cosity u, there is very little difference in the switching re-

ions as shown in Figs. 10 and 11. However. as mentioned icause the cell to switch from the vertical state to the HAN
9 gs. : ! Brate whereas only a specific range of negative field strength

Sec. |, if the bistable c_jewce considered in th's PAaPEr 13.ii allow the cell to switch from the HAN state to the ver-
thought of as an approximate model of the zenithal b'Stabl%cal state. ForAe>0 both positive and negative field

device, the surface is effectively modeling a region of thestrength can cause the cell to switch from the HAN state to

fr%l ger\gc%nwg}lclzih J?c?lg?i?atlhr?\aﬂgg;g Assusr:;?:icaiemdovrv[i)tuolﬁgs){he vertical state but only a specific range of positive field
9 q Y ' strength will allow the cell to switch from a vertical state to

simplified, effective surface will be an effective surface re-
laxation coefficient that may be significantly closer to the? HAN state.
y 9 y Diagrams such as Figs. 10 and 11 lead to a good qualita-

Ellgls(e;llﬁlcszllgé :’ghgpi;zzezu{;aecgaﬁéa);zt'?ﬁeCSﬁg'szzggs';tive understanding of the switching of such a bistable device

SRR X o . SCOSY nd it is hoped that in the future we may obtain qualitative
there are significant changes in the switching regions in F'gsand quantitative agreement between our model and experi-
10 and 11.

With a large surface relaxation coefficient the reorienta—mental results.

tion of the surface director seen in FigcPafter the field is
removed will be a slower process. Thus the director within
the bulk has time to reorient, and instead of a final HAN state The authors would like to thank Professor Mikhail Osipov
in Fig. 9c) the vertical state is obtained. Thus, switching toand researchers at Hewlett-Packard Laboratories, Bristol for
the vertical state in this situation may be preferred when theiseful discussions. A.J.D. would also like to thank the
surface relaxation coefficient is included. This is seen in FIgEPSRC and Hewlett-Packard for financial support.
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