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Field-induced phase transitions in antiferroelectric liquid crystals
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A theoretical study is made of the process by which an antiferroelectric smectic liquid crystal undergoes a
field-induced transition to ferroelectric alignment. We find that for cells of moderate thickness the initial
departure from antiferroelectric alignment occurs as a continuoweslErieksz transition. The following tran-
sition from partial alignment to complete ferroelectric ordering may occur as either a first-order or continuous
transition, depending on the relative strength of some of the model parameters. The case where the transition
is continuous provides a possible mechanism for some recently observed thresholdless transitions in these
systems[S1063-651X99)01609-9

PACS numbd(s): 61.30.Cz, 64.70.Md

[. INTRODUCTION coupled model that incorporates the cooperative motion of
all smectic layers rather than neglecting the molecular rota-
The electric-field-induced transition between antiferro-tion in those layers whose initial local polarization was
tic C* (SC*) phases in AF liquid crystal6AFLC’s) con- we d|scyss the Feslericksz transition. Fpr moderately thin
stitutes the basis of tristable switching, which has show .eIIs _(th|ckne5§'several,um). and weak flelds, we map the
great advantages over the bistable switching found if€/d-induced director rotation to a nematic Edericksz
surface-stablized ferroelectric liquid crystal cells in display rre]m3|t|?n.pr8btljem.d\{ve tShOWt t?at a ?ﬁntmuous trans[tlona
applicationd 1]. This field-induced phenomenon not only ex- ¢ aratclenze ya |r<?[c or _rtc_) al '?g n i_same iensetm ad-
hibits the threshold and hysteresis behavior, for which it i acent layers, occurs at a critical fiefy , which is shown to

A S . . “be inversely proportional to the cell thickness. It is also
valued in display applications, but also shows Interest'ngpointed out that due to the existence of a certain small but

phase transition kinetics, an example of which is quasi-onegpite intrinsic length scalé~10 nm, it is no longer valid to
dimensional fingerlike solitary-wave propagation parallel tomap the field-induced director rotation to a nematicei -

the smectic layerf2]. The study of this field-induced transi- jcksz transition problem when the cell thickness is compa-
tion is therefore not only necessary for display design, but igaple to this intrinsic length. This explains why there is a
also important for physical understanding of both the phaseritical thickness below which continuous rotation in the
stabilization mechanism i8C; andSC* and the nonlinear same sense in adjacent layers becomes inacce$3idlein
dynamical process involved in the phase transition kineticsSec. IV, we discuss the AF-transition. We note that after

A phenomenological model based on nearest-neighbor irthe Freedericksz transition, the same-sense director rotation
teractions between smectic layers has been proposed asguickly saturates, while a relative director rotation in adja-
basis for the study of the various static and dynamic propercent layers is gradually induced by an increasing field, result-
ties of AFLC’s [3], including devil's staircases in the com- ing in a weakened AF order. We find that at another critical
mensurability of the director helical structui@], the field- ~ field Ey,, the weakened AF order becomes unstable and a
induced Fredericksz transitioi4], and field- and quench- transition from the AF state to the state may be nucleated.
induced propagating fingei,3,5. This model takes into We show that the AR- transition can be of either first order
account the elastic distortion, the effective layer-layer interOr Sécond order, depending on the height of the energy bar-
action, the coupling of local polarization with the applied f€r introduced in Sec. I, with these two regions being sepa-
field, the dielectric anisotropy, and the surface anchoring effated by a tricritical point. For small barrier height, the tran-

: ; ; ition is of second order, and this may be related to an
fect. In this paper, we adopt and generalize this model to! e
investigate systematically the field-induced” éttericksz observed feature of AF- switching, namely, thresholdless

transition and the field-induced AF-transition. The phase antiferroelectricity 6]. When the barrier height is sufficiently

sequence is explored through a free energy minimization foiarge_,t_ther? 'Sﬁa ftlrst-?;de'rA\éF-{:)f:as?r:]ranSI_ttl_on|v¥_|th a pre-
a moderately thin cell with surface anchoring effects in- ransitional €fiect in the state. The critical fielel, is

cluded. The critical fields are obtained for the two phaseshown to be independent of either cell thickness or surface

transitions and the characteristics of these phase transitiong aiment for the practical case of a moderately thin cell. The
are discussed. metastability ranges of the AF adstates are calculated for

The paper is organized as follows. In Sec. II, we general-E>Eth and E<Ey,, respectively. In Sec. V, we conclude

ize our model by adding an energy barrier term to the Iayer:th's paper with a discussion of possible future improvements

layer interaction. This term will be shown to affect the order'n OUr mode.
of the AF+F transition. We then reformulate our model by
introducing two auxiliary angle variables, which represent
the relative rotation and the mean rotation of the directors in We begin by listing some of the parameters and variables
adjacent smectic layers, respectively. This is equivalent to ¢hat might be necessary to build a model capable of exhibit-

1. MODEL
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a process more akin to a collision than is the force due to a

e~ ~, Hookean spring.

— e~ , Interlayer interactions are perhaps the most poorly under-
- ! stood component of any model of AFLC’s. These presum-

! ably consist of a combination of electrostatic and steric
e e forces with entropic effects related to small incursions of
| P 77 s molecules into adjacent layers. For there to be a net electro-
i 7/ static interaction that tends to orient a given dipole, there
i ! / must be correlations in position between neighboring layers,
; ! since a uniform sheet of in-plane polarization produces no
external field. Even the sign of this interaction, and hence a
z determination of whether this force component faversr
AF alignment, is thus a consequence of the particular nature
B of those correlations. In the absence of better knowledge of
\ the interlayer forces, we assume a model in which this term
X B is represented by some unknown functidf{¢;, 1(X,2)
— ¢i(x,2)). We then take only the first two Fourier compo-
o=—0)/2 nents to be significant, and write it in the forbhcos(, ;4
iar= THY B= (y+b)/ 2 —¢)—3Jcog2(di1— )] A positive coefficientU favors
(b) the AF ordering, while a positivé equally promotes the AF
and F ordering, but leads to an energy cost whef, ;
FIG. 1. (a) Geometry of the model antiferroelectric liquid crys- — ¢i|#0 or . The second-harmoni& term thereby repre-
tal. (b) The two angleeﬁ and«p define the field-induced rotation of sents an energy barrier between the AF ﬁmdering, and
the directors in I_ayers that were i_nitial_ly aligned parallel and anti-\il| be shown to play an essential role in determining the
parallel, respectively, to the applied field. The meandotnd ¢ cparacteristics of the AF- transition. In earlier treatments
gives the angleg that characterizes the feericksz transition, 51 \ve have included the effects of the chiral nature of the
ZV:;;QZLEZ?;?&dpl\flf:e_rt?;r?;ti%imeen them gives the angléhat 100 jles by adding to the tertd cos@h.,—¢) a small
' termb sin(¢; . 1— ). It is this addition that gives rise to the
weakly helical form of the director as one passes from layer
ing most of the observed phenomena. We shall then discuse layer. In the present treatment we neglect this term,
how various truncated models may be used to describe pathereby assuming that the effect of surface anchoring and
ticular phenomena. This reduction in complexity is necessarapplied fields are sufficient to suppress the helicity.
to allow an identification of particular phenomena with spe- Finally we must include the energy of interaction of the
cific ranges of the defining parameters in the model. liquid crystal with the surfaces of the cell. These anchoring
The geometry of the system is defined in Figa)l The terms are the most troublesome to treat theoretically because,
smectic layers lie in the-z plane and the cell surfaces lie in being localized at the substrate surfaces, they are a strongly
the x-y plane, so that the applied electric fiefidis in thez ~ varying function ofz. We shall account for them_by includ-
direction. The directon in the ith layer is assumed to be N in the free energy a term,d(z= d/2)sirf¢; with d the
confined to a cone whose surface is at an arigte the layer cell thickness, andv, a positive constant when the surface

: : . horing is planar. For polar anchoring, a further term
normal, and is thus completely defined by the azimuthaf"¢
angle ¢; that the projection oh onto thex-z plane makes Wyl 6(z+d/2) = 6(z—dI2)]cos¢y must be added, but we ne-

with the x axis. The electric polarization within a layer is glect this complication in favor of a model of non-polar an-

d to be of i d 1o lie | directi choring. With this inclusion, the working model for the free
assumed fto Ae of magnitude, an o. 1ena ) Irec 'Oh energy.F of the system is nowr=D3X,; [ f;dxdz with D the
parallel tonXy. The local energy density of the interaction |ayer thickness, and

of this polarization with an applied electric field is then
—PoE cos¢;,. An additional term in the energy density of

the form — A e, sir? 6EZsir? ¢, with €, the vacuum per- 1 adi\? [agi\?

mittivity, is due to the dielectric anisotropye. It is permis- fi=5KsirPg) | —| +|——| |+Ucoddi =)
sible to neglect the dielectric anisotropy whek

<2Py/|A€|€ysirf 6~1.5<10° V/m. Further terms are pos- J i ‘

sible when a longitudinal component of the polarization is 2 C042(¢i+1~ )]~ PoE cosg. @

included, but we shall neglect these in this work.

The interaction between molecules makes itself felt in
several ways. Intralayer interactions are most simply repre- In the AF phase in the absence of an applied field, the
sented in terms of elastic energy, and appear in the free emngles ¢; alternate between 0 angt as one passes from
ergy density as terms of the formK sirfd[(d¢/ox)>  layer to layer. We assume that, with our neglect of helicity,
+(d¢;192)%]. This is not the most general form possible, andthis pattern of alternation persists in the presence of applied
may be inadequate at high fields, where terms quartic ifields. We then need consider only the valuesdgfx,z)
d¢;1ox and d¢; 9z may be significant. That is, the motion within two adjacent layers. All succeeding pairs of layers
of one molecule may be influenced by that of its neighbor inwill then merely be a repetition of the$&]. We denote the
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value of ¢; in all odd layers asp and in all even layers as as the bulk Euler-Lagrange equations away from the two
7+ . At equilibrium in the field-free AF structure we then surfacesz=*+d/2. From Eqgs.(3) and (4a), we see that an

have o= ¢=0. intrinsic length scale
Because the most important interactions are the interlayer :
forces, it is convenient to work in terms of the relative ori- £,= K sir?6/4U

entation of two adjacent layers. Accordingly, we define the . . _ . .
new variablesa=(y—)/2 and B=(y+¢)/2 [see Fig can be defined. It is associated with the competition between
1(b)]. The significance of the angle is that it changes from ?Ji%tlcnarllld ;niezr{;yer fgacizgl%gt%r/rrrlﬁmng)' Uhsmg K
0 to #/2 as the ordering changes from antiferroelectric to ’ »an [2], we haveg,

ferroelectric. The anglg, on the other hand, characterizes .~10 nm, which is of the same order of magnitude as the

the simultaneous rotation of two adjacent layers in the samléqu'd crystal (LC) molecular length. This suggests that it

direction. We shall see that it is a changedthat describes V;’]'” bﬁ perrtms_,stl_blel to tt:qeatu as chr?"t)é d?.tﬁ:jmm;d bgz if
the Freedericksz transition. In terms of these the free energ € characteristic lengthover which the field-induced spa-

per bilayer becomes2f fdxdz with f=f.+f,+fg, and al vgriation qfﬁ takes. place is much Iarger thag. Math-
ematically, this is equivalent to neglecting the teﬂﬁm in
(aa)z (aa)z 2 (aﬁ Eq. (4a), which leaves us with the result
— +|=] + e
Ix Jz 0z
J ) . For E>U/P,, the only solution ise— 7/2, i.e., theF state.
fr=—Ucos2x— 7 cosda—PoEsinasinB, (2D Here we focus on thE<U/P, regime, which is character-
ized by a rotation of8 with « small, i.e., a rotation in the

_K9¥0 2

€ 2

B

ax

1 (Za)
4(U+2Jcos 2)sina cosa=PyE cosasing. (5

f = wudlsirta cofB8+ cola sirtBll._ same sense of the directors in adjacent layers, with the local
5= Wol[sira p @i p]|z=—arz AF order thus retained. Neglecting terms of higher order in
+[sirfa cog B+ coa sirtB]|,— g} (200 a, we substitute sik=P,Esing/(4U+8J) into f,=

—U cos 2v—J/2 cos &— PyE sina sin B, and obtain an effec-
In the next two sections, we will show that in moderatelytive homogeneous free-energy densfiy; in terms of 8
thin cells d~ a few um), the Fredericksz transition in- only,
volves a continuous change in bothand «, while in the

AF-F transition is constant butr may change discontinu- B J  PE® -
ously. frg=—U—5- aUT1a SA. (6)
IIl. FRE EDERICKSZ TRANSITION which is correct to second order PyE/(U+2J). A field-

induced length scale

In this section we investigate the edericksz transition.
We identify two length scales, one being intrinsic and the §B(E)=\/4(U+2J)K sir12¢9/P§E2
other field-dependent, and show that the transition occurs _ ) ) )
when the cell thicknesd becomes comparable to the field- €an thus be defined to describe the elastic correlatiof.of
dependent lengtl§;. The critical fieldEg is found to be For E<U/Po, we haveé,>¢,, in consistency with the
inversely proportional ta whend is much larger than the o©riginal conditionl>¢, for the validity of neglecting the
intrinsic length scale. In this regime, the transition is continu-dze term in Eq.(4a). This is analogous to the conventional
ous, and characterized by the rotatisnHowever, wherd ~ treatment for nematic LC's; the Frank-Oseen continuum
becomes comparable to or smaller than the intrinsic lengttheory is applicable when the characteristic length over
scale, a continuous transition becomes inaccessible andVéhich elastic distortion takes place is much larger than the
first-order AFF transition occurs instead. intrinsic LC correlation length8].

The Freedericksz transition takes place when the applied It is readily seen that the field-induced rotation @fis
field reaches a critical value at which the undistorted AFequivalent to the Federicksz transition problem in a nem-
state becomes unstable. We start from the bulk free-energgtic LC cell [8]. We then rewrite the free-energy density

densityf,=f.+ f,,, which we reduce to including the surface energy,
K sirt J f =K si?0(9,8)%12+ fr g+ T S(z+dI2)+ 5(z—d/2)]/2,
fp= [(d,0)?+(3,8)?]—U cos 2a— = cos 4 _
2 2 in the form
—PoE sinasing ©) P22

__ 0 2 2_

fo=c—r 3,8)%—sir?

by assuming uniformity in the direction. Minimization of e Al

[fpdzyields two coupled second-order differential equations +[8(z+d12) + 8(z— dI2)Jw, SinB @

K sir? 937 — 2U sin 2a— 2J sin 4a+ PoE cosa sin §=0, for PoE<U and |e|<|B|. This is equivalent to the free-
(43 energy density of a nematic cell in which the substrates,

) ) ) lying in thex-y plane, favor homogeneous alignment in the
K sir? 6958+ PoE sina cosp=0, (4b)  direction and the electric field is applied perpendicular to the
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substrategfor positive dielectric anisotropy only In this 180 T ' ———
mapping,B is to be regarded as the angle the component of
the nematic director in thg-z plane makes with th& axis,
with K sir?@ acting as the splay-bend elastic constant and
playing the role of electric coherence length. We thus obtain,
in the strong anchoring limit in whichvy—oe, the critical
field Eg.. from the conditiond= &, [8], which gives

2
Eszp—;\/(UJer)K Sin6. ®)

A linear analysis similar to that employed in RE9] can be
easily applied to obtain Ed8). In Ref.[4], the critical field
in the case of infinite anchoring strength was found to be 0 OT

o
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1
ngp—J[zu +K sirfg(=/d)?]>—4U?,
0 FIG. 2. Director orientationg(0) (solid line) and(0) (dashed

. . A L line) of alternate smectic layers are plotted as functions of applied
which agrees with Eq(8) for J=0 in the limit whered voltage. The Fredericksz transition occurs &-d=0.64 V, as

>§&, and thusEg..<U/Po. For d comparable t&,, then  a1eqd by the upward arrow. The hysteresis loop is drawn between
Er~UIPo, which makesf;~¢&,, and is strong enough t0 g =106 v andE,d=23.0 V. The thermodynamic first-order
destroy the local AF order. Consequently, before a continUgansition between ferroelectric and antiferroelectric alignment oc-
ous rotation of3 can happen, an abrupt jump & occurs.  curs atE,d=20.8 V, as marked by the downward arrow. The pa-
This results in a critical thickness below which homogeneousameters defined in the text used for calculation die2 wm, K
nucleation of the cell becomes inaccessipl¢ The maxi- =101 N, U=3.0x10° J/n?, J=1.0x1C°* J/n?, P,=7.5
mum g in the midplane of the cell, where=0, is deter- x10* C/m?, Ae=—1.0, #=20°, andwo=1.0x10"* J/n?.

mined by
d Bwm
2—smBM= f 1
& 0 crease from zero continuously Bt E . In particular,¢(0)

. . _ ) and(0) approximately exhibit a square-root dependence on
which gives By V_Elz Er.. asE initially increases above g_g_ "4 shown in the enlarged detail of Fig. 2 given in
B . With PO I U~3x10° JInP, Py Fig 3 The equilibrium free energy exhibits a quadratic de-
~7.5¢10°" C/mv, and 2/U~1 (see Sec. IV, the  nongence oE—E., for E close to but larger thak,, as
d-independent critical voltager..d is found to be~0.6 V. shown in Fig. 4, and as expected for a mean-field second-
Ford=2 pm, this givesEg.~3x10° V/m. _ order transition. Further increasing the field induces a first-

To confirm this reasoning, numerical calculations wereyger phase transition for which the transition point and the
carried out, with the term of dielectric anisotropy first in- coexistence range of the stable and metastable states are also

cluded in and then excluded from the expression of the freedepicted in Fig. 2. This AR transition will be discussed in
energy functional. It is verified that there is no appreciablegg. |v/.

difference between the results obtained by including and ne-
glecting theA e term. The equilibrium state is given by those
values ofa(z) and3(z) that minimize the free-energy func-
tional. For the fixed boundary conditiona(=d/2)=p
(x£d/2)=0 (i.e., in the strong anchoring limivg— =), the
second-order nature of the Bdericksz transition in moder-
ately thin cells was verified. The numerically obtained criti-
cal field agrees well with the analytical expression in ).
For finite anchoring, the Feelericksz transition is still con-
tinuous as long as the surface extrapolation lenbth
=K sirféiwg is much smaller thad. Ford ranging from 1 to
10 um, a moderately strong anchoring having,
~10 * J/n? givesl¢=10 nm, and thus suffices to keep the
second-order nature of the ledericksz transition, as was
numerically verified. In addition, the critical fielg is still
found to be approximately proportional todl/but smaller 00.6 0.255 0:7 0.'75 0.8
than theEg,. given in Eq.(8). voltage (V)

In Fig. 2, the field-dependence @f(0) and(0) at the
midplane are shown fod=2 um, K=10"'* N, U=3.0 FIG. 3. This detail from Fig. 2 shows the approximate square-
x10° J/n?, J=1.0x10° J/n?, P,=7.5x10"* C/n?,  root dependence oB—E; for E=E of the director deviations in
Ae=—1.0, 6=20°, andwy=1.0x10 * J/n?. It is seen adjacent layers.

21-1/2

dg, (99 that ¢(0) and#(0) undergo a transition in which they in-

_( sing

sinBu

60 v v

mid—plane angles (deg)
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0.004 T T J
frhe=—U COSZa—ECOSM—POE sina, (10
0 which determines the critical fiel&y, for the AF+F transi-

tion. Using the same parameters used for producing Fig. 2,
we have verified that foE=0.4U/P,, minimizing f,,, gives
~0.004 - } the bulk o that is equal to the midplane(0) obtained
through a minimization of the total free energy. It is then
obvious thatEy, is independent of botld and the surface
anchoring condition, as long as the ratiodbf~ a few um)

free energy per area

~0.008 ¢ ] to &, (~10 nm) is of the order of 100 or larger. This
agrees with experimental observations fiboras small as
l 5 um[5,10].
-0.012,5 0.65 07 075 0.8 From the effective free-energy densify,,, it can be
) ) voltaée V) ' ' readily deduced that the change dnbecomes appreciable

only atE=U/Py>E, long after the rotation oB saturates

FIG. 4. Variation of total equilibrium free energy per arga  in the bulk. Minimizingf,, gives
units ofUd), plotted as a function of applied voltaye=Ed in the

vicinity of Egd. It approximates a quadratic dependence Bn (4U+8J cos 2v)sina cosa = PoE cosa. 11
—Eg for E=E¢. The Fredericksz transition is noted d&.d .
—064 V. ForE<U/P,, the solutionapy=PyE/(4U +8J) <1, close to
the perfect AF statee=0, is stable. The other two solutions,
IV. AF-F TRANSITION a==*m/2, existing for arbitraryE, are required to represent

two free energy maxima aE=0, since deep in the AF

For d of the order of a few micrometers, a strong enoughphase, thé state is unstable for small fiel$1]. This leads
applied field E=5Eg..) can causg&g to be much less thath  to the condition thatu>2J. Note that the original free-
(i.e., §g=d/5m). Meanwhile, forE less than or of the same energy density in Eq. (3) is invariant under the transforma-
order of magnitude abl/Py~4x10° V/Im~15E¢., (for d  tion @— —a and B— — 8. Here we work with= /2 and
~2 pm), &, (~10 nm) is less than or just comparable to E=0, and thus the state withe= /2 is lower in energy
&g It follows that for§,<§z<<d, the spatial variations o than that havingr= — /2, which always corresponds to an
and g only exist in the two boundary layers of characteristic energy maximum. FOE>U/P,, ar= /2, a perfecF state,
thicknessé; while in the bulka(z) and 8(z) are uniform, s the only stable solution. However, whether there is a first-
with B=r/2. This is confirmed in the numerical results order transition connecting the nearly AF stae{U/P,)
shown in Fig. 5. It is also verified by looking at the optimal and the perfecF state E>U/P,) is not obvious. In the
configurations that minimize the total free energy r absence of the barriel term, there are two solutionsy
~U/Py, which is of the same order of magnitude as the=arcsinP,E/4U) and a= n/2 for 0<E<4U/P,, and only
critical field for the AFF transition depicted in Fig. 2. In one solution, a=m/2 for E=4U/P,. The solution at
consequence the uniform bulk has its valuexofietermined  arcsinPyE/4U) is stable for G=E<4U/P, while that atm/2
by the homogeneous free energy densfy,=fn(a,8 s stable folE>4U/P,. At E=4U/P,, a second-order phase

=ml2), transition occurs, withif,(a=m/2)lda=0 and ¢*f,(a
=7/2)/da?=0. Hence there is no first-order transition for
120 . T : . J=0, since the increasing field just turns the AF state into

theF state continuously. The presence of fhterm therefore

O0<E=<E_, on the other hand, there is an additional solution

ap. For small E, we find ap=PyE/(4U+8J). Conse-

20 quently, there is always only one stable state, being either

whenE<E, or ag=w/2 whenE>E, . At E=E_, again the

0 : : . . second-order transition from, to ar occurs. In the case

-05 0.3 0.1 /d 0.1 0.3 0.5 whereJ>U/10, however, the situation is quite different. For
Z 0<E<E,, there are two solutionsyr= /2 and a further

FIG. 5. Spatial variations of the director deviatiogs(solid ~ solution —a,. For E <E<Ey, where Ey=4(U

line), ¢ (dashed ling and their meang (dash-dotted linefor v +2J)*%3%2PyJY2 there is a third solution, which we call

=Ud/Py,=8 V. The parameters used for calculation are the samexg. This solution takes on the value/2 whenE=E, , and

as those for Fig. 2. decreases dsis increased abovE, . As E reacheE, the

100 becomes physically necessary to explain the observed first-
order nature of the AR~ transition.
) 80 The condition for the existence of a first-order phase tran-
3 sition can be readily derived from E@l1). First, we note
@ 60 that the number of solutions of E(L1) varies withE. We
~ first consider the case whede<U/10. ForE>E, , where
> 40 E, =(4U—8J)/P,, there is only the solutiom= 7/2. For
<
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two solutions ag and a, merge to a single value, -1.0 . '
arcsiny(U +2J)/12J, which we callay, . The physics under-
lying the above appearance and disappearance of solutions i
clear. For G=E<E,, a, is the only stable state, and:
=m/2 is an energy maximum. AsE reaches E,,
*fn.(72)10a? vanishes. After that, a metastable state
appears. Somewhere betweenandE, at a critical field

Ey, there is a first-order transition when the energy of the
state atar becomes equal to that at,. After this ar be-
comes the new stable state amgdbecomes metastable. &S
reaches;, the state atry, becomes absolutely unstable.

We have already derived the coexistence rakge E
<Ey of the stablelmetastable a, state and the metastable 20 . . ,
(stable ap state forJ>U/10. The critical fieldE;, can be 0.0 1.0 2.0 3.0
derived by solving fora, in Eq. (11) and equatingp,,(aa) RENU
to f.(ap). Under the conditiotd/10<J<<U/2, the solution
ap of (4U +8J cos Z)sina=PyE is given by FIG. 6. Variations of minimized free energy density, (in

units of U) for the antiferroelectric (& E<E) and ferroelectric
(EL<E<Ey) states, plotted as functions Bfat U=4J. The first-
) order transition is marked by the arrow B},=2.63U/P,,.

-1.2

14}

free energy density

-1.8

r( (1—iV3)(U+2]) (1+i3)R
ap=arcsin — —

44/3J R 6- 21/3
(12 domly from layer to layer, and the effect of an applied field
which exists for BE<E,,, whereR is given by would be to establish gradually tH&C* order. In fact, the
term “thresholdless antiferroelectricity” was originally in-
27PoE 3U+6J\3 [27P,E|\?]"? troduced for this randomization of azimuthal angle variation
=~ 1& +i\/4 23 TS , from layer to layer[6]. Here we see another possibility:

while the low-field state is still of conventional AF order, the
with arg(R) e[ #/6, /3] and a, then being real. It can be change from AF td= ordering can be continuous if the pa-
shown that&tha(aA)/&a2>0 for 0<SE<E, and thata, rameter] is sufficiently small. More generally, the electric
=0 at E=0. Together with the fact that®f,,(m/2)/da? polarization can either vary continuously over the entire
>0 for E>E_, these relations indicate that there is a first-range of applied fields, or may have a discontinuity whose
order phase transition between anday . The critical field ~magnitude depends on the parameters of the model.
E, is determined by the equation

V. CONCLUSION

J
—U cos 2ua(Eyp) — 5 c0S Axa(Ern) — PoEy Sinaa(Ey) In summary, we have studied the two electric-field-
induced transitions, i.e., the F@ericksz transition and the
AF-F transition, in a model which takes into account the
intralayer elastic distortion, the nearest-neighbor interlayer
interaction, the coupling of spontaneous polarization with
whereaa(Ey,) is given by Eq.(12) at Ey,. At the tricritical — applied field, and the surface anchoring. We find that for
point J=U/10, we find thatE, =E,, and apy=af at E
= E|_ . 80 T T T T
In Fig. 6, the free-energy densities of thg anda states
for U=4J are plotted as functions d in their respective  ___
stable and metastable ranges. The existence of the first-orde g |
phase transition is noted. In Fig. 7, the discontinuityvirat =
the transition point, given byyr— as(Ey), is plotted as a
function of J/U. In Fig. 8, the three fieldg, , Ey,, andEy —
(in units of U/Py) are plotted as functions affU. w
The existence of the tricritical poini=U/10, at which ;&
the first-order AFF transition becomes second order, im- 7
plies that the order of transition may be tuned by varying the 8
ratio of barrier height to energy differencE#U. This may be
related to thresholdless antiferroelectricity, a term used to
describe the observed continuous change from the AF state 0 : : :
to the F state [6]. From the V-shaped characteristic 0.1 02 0.3 04 0.5
transmittance-voltage curves, it was conjectured by Inui JU
et al. [6] that with a diminished barrier separati§gC; and FIG. 7. The discontinuity in the relative orientation of adjacent

SC*, the azimuthal angleg; and ¢, in adjacent layers smectic layers at the thermodynamic transition is plotted as a func-
may become uncorrelated. As a result, may vary ran- tion of J/U for 2J<U.

J
=U~ 5~ PoEn, (13)

20
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4.0 y y J F-AF-F switching [1] to continuous V-shaped switching,
i.e., thresholdless antiferroelectricit@].
To conclude this paper, we point out that our model could
Ey be i di ber of In th del, th
3.0 MNNee. - e improved in a number of ways. In the present model, the
N only control parameter is the ratio dfto U, as only the first
_______________ E th two harmonics are incorporated in the interlayer interaction.
=) Including higher harmonics should make the model qualita-
\ . . .
W20+t 1 tively and quantitatively more correct. Secondl,J, andP,,
Qe are treated as field-independent material constants. However,
E. it has been shown experimentally that the spontaneous polar-
ization in AFLC’s is only ~10% of that estimated on the
assumption that all the permanent molecular dipoles are per-
fectly aligned [12]. Because pE~0.1kgT (when p~3
X10°2° C m is the molecular dipole moment anB
0.0 ) ! ) ~10" V/m), the spontaneous polarization is expected to be
0.1 0.2 0.3 0.4 0.5 . . -
field dependent, and it may further lead to a field-dependent
JU ) ; i . : i
interlayer interaction. Finally, it has been experimentally ob-
FIG. 8. Critical electric field<in units of U/P,) are shown as served that a large spatially alternating spontaneous polariza-
functions ofJ/U for 2J<U<10J. The solid line denoteg, (the  tion, parallel to the LC molecular tilt plane, exists in the
lower limit of metastability of theF phasg, the dashed line denotes layer-layer boundarie$13]. This longitudinal polarization
the thermodynamic transition &;,, and the dash-dotted line de- could lead to an electric-field—dipole coupling quite different
noteskEy, (the upper limit of metastability of the AF phase from that caused by the transverse spontaneous polarization
perpendicular to the molecular tilt plane. It remains to be

moderately thin cells, the Feeericksz transition, character- S€€N how signif_icant these additional factors may be in alter-
ized by a director rotation in the same sense in adjacerild the qualitative nature of the phenomena that we have
layers, occurs at a critical field that is inversely proportionalModeled in this paper.

to the cell thickness, while the AF-transition, characterized
by opposite director rotations in adjacent layers, occurs at
another much higher critical field which is independent of e thank C. Rosenblatt, X.Y. Wang, and S. Zhang for
the cell thickness. We show that the  &dericksz transition helpful discussions, and A.M. Rudin for his contribution to
is of second order, while the AF-transition can be either the analysis. This work was supported by the National Sci-
first order or second order, depending on the relative heighénce Foundation Science and Technology Center for Ad-
of the free energy barrier separati®C* and SC, . This  vanced Liquid Crystalline Optical Material$ALCOM)
suggests a mechanism for the crossover from tristabléhrough Grant No. DMR89-20147.
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