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Influence of ions on the “V-shaped” electro-optic response of ferroelectric liquid crystals
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It has recently been shown that in surface-stabilized ferroelectric liquid crystal cells with high spontaneous
polarization, the polarization charge self-interaction leads to a “V-shaped” optical response to an applied
voltage. The presence of ionic free charges in the liquid crystal changes the internal electric field, and therefore
also the spatial dependence of the polarization and optic axis orientation. We have numerically solved the
nonlinear ion diffusion equation in the electric field due to external voltage, spontaneous polarization, and ions,
and calculated the electro-optic response to a triangular applied voltage. When the period of the driving voltage
is smaller than the zero-field diffusion time of the ions across the cell, and larger than the ion transit time in the
applied field, an inverse hysteresis in the electro-optic response is obtained. At these time scales ions also cause
characteristic changes in the shape of the electro-optic response.
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I. INTRODUCTION field in the alignment layer was already recognized in Ref.
[5]. The polar part of the anchoring cause® be splayed in
In some chiral smectic liquid crystals, for example someboth monostable and bistable states, and so through polariza-
homologs of MHPOBC[1] and other high polarization tion charges in the splayed region it always gives a positive
smectics, a very interesting “V-shaped” high contrastcontribution to the electrostatic energy. A more detailed
electro-optic effect is found. Such cells are planar- alignedanalysis, to be published separately, shows that polar anchor-
and surface stabilizethelix free, and exhibit electric-field- ing favors the monostable state. As the electrostatic energy
induced continuous reorientation of the optic axis, which isof the alignment layer is proportional @7, while the non-
along the layer normal for zero applied voltage=0. Re-  polar contribution to the anchoring energy is independent of
cent experiments on V-shaped switching cells have demorP, a monostable state is obtained for higmaterials.
strated that the effect is a feature of the ferroelectricC3m When an external voltage is applied to the monostable
phasd 2], and that the rotation of the optic axis is due to thecell, P turns by an anglep from the horizontal ) axis, so
reorientation on the smecti€* cone[2,3]. It was also that the total field in the liquid crystal remains zero. The
shown that the effect is electrostatic in orig#l, a result of  voltage across the cell is entirely due to a field which must
self-interaction of the spontaneous polarizati®yrwhich be-  appear in the alignment layer due to the polarization charge
comes important in materials having sufficiently high polar-density P sin¢ at the boundary between the liquid crystal
ization. and the alignment layer. This leads to a very simple relation
The mechanism can be understood in the following waybetweenV and ¢ [4]:
Consider a slab of S@* material in a planar bookshelf
structure with a thickneds, as depicted in Fig. 1. The cell is
formed by two conducting electrodes separated from the lig-
uid crystal by insulating alignment layers of thicknesand
dielectric constant,. Let V=0 initially. The anchoring at
the surface is planar, so that the minimum surface energy is
obtained forP perpendicular to the surface. The energies for
P pointing into or out of the surface are usually not the same,
and the surface anchoring energy can be decomposed into a
nonpolar part invariant with respect to polarization reversal,
and a polar part which depends on the sigrPofThe non-
polar part gives rise to the well known bistability. The per-
pendicular &) component of creates a surface polarization
charge which must be compensated for by free charges on
the electrodes. Since these are separated from the liquid Crys- g1, 1. Bookshelf geometry of a tilted chiral smectic. The liquid
tal by the alignment layer, an electric field is created in thegrystal is between glass plates with transparent ITO electrodes
alignment layer. When the electrostatic energy of this field isoated with nonconducting alignment layers. The smectic layers are
greater than the nonpolar part of the surface anchoring enyormal to the plates. Shown are the tilt cone of the molecules with
ergy, it is energetically favorable for the surface anchoring taan angled relative to the layer normai, the spontaneous polariza-
break so that the polarization is parallel to the cell platestion P, and the azimuthal orientatiap of P. V-shaped switching is
This situation is of course monostable. The importance of thebserved with normally incident light between crossed polarizers.
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When V>Vc=2aP/z,zo, the polarization is aligned per- oo s the charge density on the electrodesis the

pendicular to the cell plates and can no longer compensat . L ,
for the external field so the total field inside the liquid crystal(%electrIC constant of the liquid crysta,is the elementary

is no longer zero. The direction of the optic axis is directIyCharge’ ang . andp - are the concentrations of the positive

related to¢, and with the cell between crossed polarizersand negative ions. In .expressu’mfgwe have.neglected the
. : . dependence of on ¢ (i.e., the dielectric anisotropy of the
with one axis along the layer normal the characteristi

V-shaped optical transmission versus applied voltage is Ogliquid crystal, which would make the expression consider-
tainedp P PP 9 ably more complicated. As the basic equat[@&@y. 1] gov-

In V-shaped switching, the dominant interaction is elec-S™MNI the V-shaped switching does not depend oand we

. , ' o are looking for the effect of ions when their concentration is
trostatic. In particular, during the switching process, wRen not 100 larae. we expect that the anisotrooysofand its
is not perpendicular to the cell, the field inside the liquid ge, P Py

spatial variation will only have a small effect on the results.

crystal must be zero. In reality, there will always be some o . "
ionic impurities present in the liquid crystal, so it is of inter- . Asitis th_e voltage between the electrodes th"’.‘t is specified
in an experiment, nor, we also have the condition

est and also potentially important for applications to see how
ionic charges influence the switching process and the optical JL 20a

transmission curves. In this paper we present the results of Edx+ =-V, 4
calculations of ion transport and its effect on V-shaped
switching.

Two main features can be expected. Let us suppose thé\f
the cell is driven by a symmetric triangular voltage. The field We still need the equation of motion for the ions. As we

'rgz'geengloeuls'qg;str?gﬁfgrl] I‘gﬁgﬁst rt]r:ga‘: \é)vglrtl‘;/aiifeggsmtug apr)ave seen that the total field in the liquid crystal can be zero
plied field. During switching, the ion sheets drift and diffuse due to the screening by the polarization charges, we must

from one side of the cell to the other, creating an additiona|nCIUOIe both the drift and diffusion terms,

hich fixes o. The second term is due to the insulating
ignment layers.

inhomogeneous electric field. As the total field is still zero, 2

. . . . ap+ J Ip+
the field due tdP is also inhomogeneous. This means that the =+p.e—(Ep.)+D.——, (5)
optic axis position is no longer the same throughout the cell at X ax?

and the optical response becomes nonsymmetric around the ] - » o
extinction point. Also, as the ionic contribution to the field Wherew.. is the mobility of the positive or negative ions and
opposes the external field, the polarization field crosses zerg+ the corresponding diffusion constant, which is related by
beforeV=0, so that goingfor example from the negative D==p+KeT. _ o .
voltage peak optical extinction also occurs for some small Before embarking on solving Eq&2-5), it is worthwhile
negative value o¥/; that is, we obtain an inverse hysteresis, {0 €xamine thg relevant time sca_les. Th_ere are two related to
tions, assuming, however, that the liquid crystal is in theitself, Te=seqy/P?. Taking y=1 P, K=10"" J/m, &
antiferroelectric phase. :10, L=2 oum, and P=300 nC/Crﬁ, we obtain TK:4
X102 s andrp,=10"* s. The important times for the ion
motion are the ion transit time; in the fieldP/eey and the
Il. MODEL diffusion time 7 for the ions to cross the cell. Takirgu

The geometry of the problem is shown in Fig. 1. We wish =10 Hm’V's [8,9] for the ion mobility, we obtainry
to compute the distribution of ions and the polarization and=0-1 S and7p=15 s. Thus the motion of ions is much
optic axis direction as a function & The direction ofP(x) ~ Slower than the reorientation @?, and when the applied
is specified by the anglé of P with respect to the axis. We voltage changes over time scales which are long compared to

first write the equation for the balance of torques, rp.and T« , P adiabatically foIIow_s the motion of thg ions.
This means that we can set the viscous torque, that is the left

side of Eq.(2), to zero.

If we also assume tha® is large enough to break the
surface anchoring, as discussed in Sec. |, we can also neglect
the elastic term in Eq(2). Then we are left with a very
simple condition that the electric torque must be zero,

do 192¢
—=K—+
Yo K P PE cosg, (2

where y is an effective rotational viscositK is the splay

elastic constant for the director, anck is the total field due PEcos¢=0, (6)

to external voltage, polarization, and ion distribution. In our

case all the quantities depend onlyxyrandE has only arx ~ requiring that eitheE=0 or ¢= = 7/2. In other words, iP
component, so that it can be expressed in the form is not perpendicular to the cell plane, it completely screens
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the field inside the liquid crystal. Conditiori6) and(4), and
Eq. (3), also immediately lead to Eq1).

In this approximation we only need the boundary condi-
tions forp. We assume that the number of ions in the cell is
constant, so the ionic currents at both boundaries must be
Zero:

eEp.—D.PEl o 7
S He€Ep D0 =0. (7
x=0,L

) ) ) 0.0 0.2 0.4 0.6 0.8 1.0
The whole problem is now reduced to solving the ion

diffusion equation(5) with boundary condition§7), and sub- x/L

ect to. Conggons(d') an? (6?' Wi Camego%m numerlgal mh- FIG. 2. Positive ion distributiom, relative to the equilibrium
tegrgt_lon ot q(5) on a attice of up to points using the ,, concentratiom, /L, as a function of time for triangular applied
semi-implicit Crank-Nicholson scheme. At each stefx) voltage with period 0.2, and amplitude 10&T/e. One half-

was recalculated using Eqe3) and (4), and condition(6).  period is shown. Negative ions are symmetrically distributed. When
The optical transmission was calculated using the Jones fofne voltage is zero, i.e., a=0 and 0.1, the ions are not evenly

malism. The cell was assumed to consist of uniaxial slicesjistriputed and give a negative inhomogeneous contribution to the
between lattice points, with optic axis direction determinediotal field which is canceled by the polarization field. The peak
by the local value ofp. concentration at the cell surfaces is about 60 times the equilibrium
concentrationsp is the ion diffusion timel?/ ukgT.
Ill. RESULTS
) is of course opposite to the externally applied field at the
The important parameters of the problem Bréhe num-  preceding peak voltage. This reverse ionic field causes an
ber of ions, andu. The ion diffusion constant is related t0 jnyerse hysteresis of the optical response.
the mobility thorough the Einstein relation. A convenient  The directiong of the spontaneous polarization at several
unit of time is the ion diffusion time across the cefl;  points in the voltage sweep is shown in Fig. 3. As explained
= L% ukgT=15 s. A natural unit for the electric field is apove, whenevep+ + /2, the total internal field must be
Eo=kgT/eL=0.013 V/jum. The corresponding unit for po- zero, that is, the polarization field must cancel the ionic and
larization is Po=Ey/eeo=0.13 nClcr, assuminge=10.  external fields. As the ionic field is inhomogeneogsmust
Also taking the unit of length to bk, Eq. (5 becomes di-  giso vary across the cell. Also note that at the moment when
mensionless with no parameters, so the only remaining rely=q_ the average value @f has already reoriented past the
evant quantities ar® and the number of ions per unit area zerg position due to the reverse ionic field.
No. For computational convenience we take=200P, Figure 4 shows the total internal fieflduring one period

=26 nClcnt. In typical surface stabilized cells this value is of the driving voltage. At all points wherB is reorienting
probably too low to give monostable V-shaped switching,

but we can assume that either the alignment layer is suffi- o - . —
ciently thick or the anchoring energy sufficiently small that
the cell is in the monostable regime. We tdkgto be such
that the internal field due to ions is comparable to the polar-
ization field. This means thati,=P/e, or that the equilib-

0.5}

rium concentration of ions is about cm®. When the ion T ool
concentration is substantially smaller, their effect on the @
switching characteristics of the cell becomes negligible. For [
simplicity we also assume the mobilities for positive and =05
negative ions to be equalk ,=x_, so that the dynamics I
only need to be computed for one species of ions. For the -1.0F
alignment layers we takesga=0.1L. 0.0

With this choice of parameters we first consider the ion
distribution as a function of time for a triangular applied
voltage with a _per'Odt:O'ZTD_ and an amplitudeV, triangular applied voltage with a period @z and an amplitude
=10kgT/e, that_ is gbout two times the voltage Necessary;nqe.T/e, going from a positive to a negative peak:-: V
for complete svynchmg. One cycle is shown in Fig. 2. AS=2(]<BT/e; — .= V=1kgT/le;, —V=0; ——: V
expected, starting with/(t=0)=V, we obtain a narmow __ g T/e: — — —: V=—20kgsT/e. For V=0 the polarization
screening layer of ions at the cell boundary, with a peak iomngle is already negative; the field due to ions causes inverse hys-
concentration about 60 times the average. At zero externaéresis. The spatial dependence of the polarization angle also im-
voltage the ion concentration is still quite inhomogeneous—plies an inhomogeneity of the optic axis orientation and an asym-
the ions are still bunched up nedl = 1—so that there is an metric optic response around the extinction poirg. is the ion
appreciable field due to ions. The polarity of this ionic field diffusion timeL?/ ukgT.

FIG. 3. Polarization angle vs position at several voltages for a
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FIG. 4. Total internal field, in units dEy=KkgT/eL, vs time at
several positions in the cell for triangular applied voltage with a
period 0.2 and an amplitude 10QT/e. The field is zero when-
ever the polarization is not perpendicular to the cell plane. Soli
line: x=0; dots:x=0.29_; dashesx=0.5_. 7y is the ion diffusion
time L%/ ukgT.

FIG. 6. Optical transmission for three periogisof the triangu-
lar applied voltage, in units okgT/e, starting from the negative
doeak. Dotted linety=27p ; solid line:to=0.27p ; dashed linet,
=0.01r5 . For low and high frequencies the inverse hysteresis dis-
appears, while it is largest fag=0.2r5 . The asymmetric shape of
the low-frequency V is caused by the relaxation of the ion distribu-

. . B tion when the internal field becomes zero. For high frequencies the
between the extreme positions=+ /2, we haveE=0,  \|iscous drag, neglected in our calculation, gives a normal hyster-

and in that part of the voltage sweep the ions are freelygis causing the extinction point to shift to positive voltagg s
diffusing instead of being driven by the external and ioniCtne jon diffusion timeL% ukgT.

fields. It is in fact difficult to imagine any other physical
situation in which an inhomogeneous distribution of charged,. . . . - . .
particles could decay by field-free diffusion. distribution ofgﬁ(x), presented in Fig. 2. This asymmetry is
In Fig. 5 we show the optical transmission of the cell €V€N more obvious for ¥4 and\ cells, where we obtain
between crossed polarizers as a function of increagifay asymmetric peaks of transmission at the beginning and end
three different cell thicknesses corresponding\ta, 3x/4,  ©f the V. These peaks are due to the fact thatdarlose to
and\ wave platesi.e., AnL=\/2, 3\/4, and\) when ¢ + /2, the projection of the optic axis on the plane of the cell
— + /2 (i.e., when th,ey are fuII;/ swit’chedThe smectic IS near its extremes, but as the optic axis is tilted out of the

cone angle is taken to be=28°. Looking first at thex/2 cell plane, the effective optical anisotropy is smaller than the

cell, the thickness typically used in display applications, Wemaximum value atp= = /2 and the optical cell thickness is

see that the zero transmission point is shifted ahea¥ of reduceq t_oward that O.f a/2 platg which gives the highest
=0, i.e., there is inverse hysteresis effect. The V shape igansmlssmn. While without the ions the two peaks are sym-

also asymmetrically distorted, which is due to the curvedMetric, the smaller peak at the beginning of the V even dis-
appears for smaller cone angles.

In Fig. 6 we present the dependence of the optical trans-
mission on the period of the applied voltage. Egr mp the
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FIG. 5. Optical transmission for cells of different thickness be- 0.0 o1 0.2 0.3

tween crossed polarizers with one polarizer directed along the layer t/1

normal as a function of applied triangular voltage, in units of

kgT/e, with a period 0.2; going from the negative peak to the FIG. 7. Optical transmission vs time as the voltage is suddenly
positive peak. Solid lineLAn=\/2; dots: LAn=3\/4; dashed switched off from a value abov¥.. The ionic part of the field
line: LAn=\. Note that extinction occurs k@T/e beforeV=0 initially drives the polarization to the reverse direction. The ion
(inverse hysteresisThe V is also asymmetric, with a pronounced distribution then decays to equilibrium by field-free diffusion. The
peak on the trailing part for the 3(4and full wave cellsry is the  amplitude of the response is proportional to the ion concentration,
ion diffusion timeL?/ ukgT. and the decay time is=(L/)?/D.
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inverse hysteresis disappears, but some asymmetry of the &t way to detect the presence of ions experimentally in a
remains. AtV= —V, the ions are still unevenly distributed, given cell. It also provides a way to measure the ion diffu-
but they have time to diffuse to the equilibrium during the sion constant. In reality, the decay will be somewhat faster
switching process, so they do not affect the end part of the Vthan 7, due to the elasticity of the liquid crystal. The spatial
For the chosen ion number, the maximum inverse hysteresigependence ofs causes an elastic restoring torque which
is obtained atty=0.2rp. For t;<0.04rp the ions can N0 muyst be countered by some small electric field which also
longer follow the field and are more or less evenly distrib-acts on the ions and drives them toward equilibrium. This
Uted, so the V becomes Symmetl’ic and free of hyStereSiS aSé&fect can be properly analyzed on|y by Simultaneous|y SOIV'
the ions were absent. We must note, however, that at high(ﬁﬁg both the polarization and ion equatiof® and (5).
frequencies the viscous dynamics of the liquid crystal, which 1o conclude, we have presented an analysis of the effect
is neglected in the present calculation, becomes importansf jons on the V-shaped switching of monostable bookshelf
and causes normal hysteresis in the optical response. Nofgrroelectric liquid crystal cells. The ions mainly influence
too that the trailing parts of the V are the same for both lowthe cell when the period of the external driving voltage is a
(to=p) and high €,=0.04mp) frequencies, as in both ex- few times smaller than the ion diffusion time across the cell.

tremes the dynamics is unaffected by the ions. _ They cause an inverse hysteresis and lead to an asymmetry in
The response of the cell when the applied voltage is sudthe optical response.

denly switched from some value aboVeg to 0 is shown in
Fig. 7. The response first crosses zero due to the reverse

ionic field. Then the ionic distribution decays to equilibrium ACKNOWLEDGMENTS
by field-free diffusion, and the polarization follows. This
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order of 10 $ exponential decay to zero, is perhaps the easibMR 98-09555 and ARO Grant No. DAAG 55-98-10446.

[1] S. Inui, N. limura, T. Suzuki, H. Iwane, K. Miyachi, Y. Ta- and H. Takezoe, Jpn. J. Appl. Phys., Pag8] 1474(1999.
kanishi, and A. Fukuda, J. Mater. Chef).671 (1996; S.S. [4] N.A. Clark, D. Coleman, and J.E. Maclennan, Lig. Crny&T,
Seomun, B. Park, A.D.L. Chadani, D.S. Hermann, Y. Takan- 985 (2000.
ishi, K. Ishikawa, H. Takezoe, and A. Fukuda, J. Appl. Phys. [5] K.H. Yang, T.C. Chieu, and S. Osofsky, Appl. Phys. L&,

37, L691 (1998; A. Fukuda, Y. Takanishi, K. Ishikawa, and 125(1989.

H. Takezoe, J. Mater. Chem, 997 (1994). [6] A.D.L. Chandani, Y. Cui, S.S. Seomun, Y. Takanishi, K.
[2] N.A. Clark, J.E. Maclennan, R. Shao, D. Coleman, S. Bardon, Ishikawa, H. Takezoe, and A. Fukuda, Lig. Cry&6, 167

T. Bellini, D.R. Link, G. Natale, M.A. Glaser, D.M. Walba, (1999.

M.D. Wand, X.H. Chen, P. Rudquist, J.P.F. Lagerwall, M. 171 vy, p. panarin, V. Panov, O. Kalinovskaya, and J.K. Vij, Fer-

Buivydas, F. Gouda, and S.T. Lagerwall, J. Mater. Chem. roelectrics246, 941 (2000

1257(1999; P. Rudquist, R.F. Shao, D. Coleman, S. Bardon,

8] T.C. Chi dK.H.Y Jpn. J. Appl. Phys., Pa2i812240
D.R. Link, T. Bellini, J.E. Maclennan, X.H. Chen, D.M. (8] leuan ang, “pn PP yS-

) (1989.
Walba, J.P.F. Lagerwall, M.. Buivydas, F. Gouda, S.T. Lager [9] H. Naito, M. Okuda, and A. Sugimura, Phys. Rev. 44,
wall, and N.A. Clark(unpublishegl
R3434(1991).

[3] B. Park, S. Seomun, M. Nakata, M. Takahashi, Y. Takanishi,

031703-5



