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Fréedericksz transition in antiferroelectric liquid crystals
and cooperative motion of smectic layers
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We study the theory of the Federiksz transition in antiferroelectric liquid crystals, and find the conditions
under which an applied electric field can cause a homogeneously nucleated transition of the system from
antiferroelectric to ferroelectric alignment. We demonstrate that taking into account the cooperative motion of
smectic layers results in a significant reduction of the predicted critical electric field at which this transition
occurs.[S1063-651X98)06011-5

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

[. INTRODUCTION take to act only at the top and bottom surface of the cell, and
thus to be of the formvg[ 8(z—d/2) + 6(z+ d/2)] with d the
In a recent papdrl], it was shown that the transition from height of the cell. We assume planar anchoring, so that
antiferroelectric to ferroelectric alignment in an antiferro- >0. The elastic energy terms come from the variatiorpof
electric liquid crystalAFLC) can be homogeneously nucle- in the x-z plane. Because each layer is only one molecule
ated only under certain conditions. In particular, the criticalthick, there is no variation o0& in the y direction within a
electric field was found at which the antiferroelectric con-layer. Instead there is the interlayer interaction, which is as-
figuration loses its stability in an applied field. One of the sumed to favor the herringbone structure first considered by
major simplifications made in Refl] was to neglect mo- Beresnewet al.[2] and confirmed experimentally by Galerne
lecular rotations in those layers of the AFLC that containedand Liebert 3], and by Bahret al.[4]. Such a structure has
molecules initially aligned in the direction of the applied an antiparallel orientation of adjacent dipoles, as described
electric field. In the present work we extend the calculationby the term with coefficient). The small chiral deviation
to include thecooperativemotion of all the smectic layers as from a perfectly antiparallel orientation is neglected in this
the transition occurs. It appears that the scenario of the tranreatment. Finally, there are two terms containing the electric
sition from an antiferroelectric to a ferroelectric state in anfield E, which is assumed to be in tizedirection. The first of
AFLC changes drastically as soon as the cooperative motiothese represents the effects of polarization, while the second
of all the smectic layers is included. The critical field at arises as a consequence of the dielectric anisotrbpyThe
which the homogeneous nucleation occurs is now detergquantity e, is the vacuum permittivity. The large number of
mined mostly by the thickness of the AFLC cell, and not byterms in this expression reflects the richness of phases and
the molecule-molecule interaction potential. As a result, thisomplicated dielectric behavi$b] of the AFLC.
field may become much smaller in the model that takes co-
operative motion of smectic layers into account than in the
model of Ref.[1], which ignores this possibility. Il. AFLC IN AN ELECTRIC FIELD

Our starting point is an expression for the effective . . .
Hamiltonian of a cell containing an AFLC. Figure 1 shows FOr moderately thin cells, in which the tendency to form a

our model. TheN smectic layers lie in the-z plane, and the N€lical structure can be ignorgd], the liquid crystal mol-
director is characterized by the constant angjethat it ev- ecules in the absence of an applied electric field form an
erywhere makes with thg axis and by the variable azi-
muthal angleg,(x,z) that it makes relative to thr axis in
thex-z plane and in layer. The Hamiltonian is then taken to
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In this expressionD is the layer thicknessk is an elastic
constant, andV(z) is a surface anchoring energy which we FIG. 1. Geometry of the model antiferroelectric liquid crystal.
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where ¢,=dp/liz.

In order to find the requirements for the Edericksz tran-
sition to occur, we must find the conditions under which
there exists a nonzerg(z) that minimizes Eq.(2) in the
bulk of the sample and also makes the total enefgega-
tive. Minimization of Eq.(2) in the interior of the sample,
where W(z) vanishes, gives a differential Euler-Lagrange

FIG. 2. Different configurations of the model AFLCa) Anti- equation forg(z), whose solution ish(2) = ¢,cos2) with

ferroelectric state(b) Ferroelectric state(c) Intermediate state of
the AFLC according to the “uncoupled” mode{d) Intermediate
state of the AFLC according to the “coupled” model. q(E)= \/

—2U+ PoE+ oA eE?sirt 0,
” : ©)

antiparallel sequencé; ., ;= ¢;+ 7. When an applied elec- ) )
tric field reaches the valug,,=2U/Py, the ferroelectrically A nonzero¢(z) will occur only when the total energy is
aligned state is reduced in energy below the antiferroelectrifegative. Substitutings(z) into Eq. (2) and applying the

one. condition£<0, we obtain

We shall see from the calculation below that the transition
from the antiferroelectric into the ferroelectric state will not tar( E) 2Wo (4)
instantaneously occur at an electric field exactly equé to 2 kg’

unless nucleated at a defect or a boundary. The transition in
a homogeneous system contained in a thin Gedl., one This condition enables us to extract the electric figld at
having a smaltl) may not occur until fields considerably in which the antiferroelectric configuration becomes unstable.
excess o, are reached. In thick cells, on the other hand,This critical field is always larger than the fiefit}, at which
the transition may begin at fields lower th&f,, but not the ferroelectrically aligned state becomes energetically pre-
become complete until fields greater tHag, are reached.  ferred, and may even become much larger tBap if the

In the rest of this section the stability requirements for thethickness of the AFLC cell becomes small. The phase dia-
antiferroelectric state subject to an electric field will be ana-gram of the AFLC in this model is shown in Fig. 3 as the line
lyzed in two different model approaches. In the first calcula-labeled “uncoupled case.”
tion, which closely follows Ref[1], molecular rotations in Equation (4) bears some similarity to a closely related
the odd layers of the AFLC, which contain molecules ini- result of Handschy and Clafi6] [their Eq.(13)], who stud-
tially aligned in the direction of the electric field, will be ied the threshold fields in ferroelectric liquid crystals. The
neglected. Correspondingly, the motion of only the even |aydifference between the two cases lies in the fact that our
ers will be considered. In the second model calculation théheory refers to discrete layers rather than a continuum and
cooperative motion of all layers will be taken into account. includes the effects of dielectric anisotropy, but does not

include the sensitivity of the anchoring potential to the direc-
A. Uncoupled case tion of the electric polarization.

. N , i In the limit of strong anchoringw,— ) Eq. (4) reduces
Let us now examine the stability of the antiferroelectric 1y the condition

state when subject to an applied electric field. That is, we

will calculate the conditions under which an applied electric q(E)d> . (5)
field can cause a homogeneously nucleated transition of the

system from the antiferroelectric alignment shown in Fig.For the case of positive dielectric anisotropye>0, condi-
2(a) to the ferroelectric alignment shown in Fig(b2 For  tjon (5) can always be achieved at sufficiently strong electric
this analysis, which expands on the brief treatment alreadyie|ds. The critical field for infinitely strong anchoring is

presented in Refl], we take¢ to be a function ok alone in
the even-numbered smectic layers, and wrife,== Po Ao w2k
1+ — 2U+—2>—1, (6)
P35 d
where a=g|A €| sirf6,.

+(—1)'¢(2). For the odd layers, which contain molecules EC3ZZ
in Fig. Zc). If, on the other hand, the dielectric anisotrafpy is nega-
deviate from zero. We accordingly examine the energy of the

with dipole moments initially alignedlongthe applied elec-

tric field, we pute,, , 1 =0. These assumptions are illustrated

maVkv:?k?ea;ngi?rtcr;gl(ilc?tlgclsst?t)slljendstcgb;;f?C\:\(/ailrlltbz{r?:%éh totive, there is a maximum value thgtcan attain. As a result,
/ 9 there exists a critical cell thickness

system wherp<< 7. To second order ig(z), the energy per K

unit length of the smectic layer can be obtained as an expan- de= 7\ /2—, (7)

sion of Eq.(1): Po/4a—2U
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B il Minimization of this free energy in the bulk of the layer
2 ——"Coupled” model now gives us a pair of coupled Euler-Lagrange equations,
whose solutions yield
d ~
#(2)= ¢ c04q2z), (10

FIG. 3. The critical fieldE.3, at which the system leaves an
ideally aligned antiferroelectric state, is shown for “coupled” and _ ~
: . Z)= i)y c05(qz). 11
for “uncoupled” models as a function of cell thickneds $(2)= o c04q2) (1)

Here self-consistency dictates that
such that, for thicknessek<d., there is no possible electric

field that can destabilize the antiferroelectric configuration. @=A(E)E— PoE PoE 2+1
For the cell withd>d,, the critical field for the Fredericksz bo 2U 2U
transition at infinitely strong anchoring is
and
Py i i - \/—2u + £0A eE?SI 0+ \(PoE)?+4U?
E03=Z[1—\/ _P_S(ZU”L?) : (8) q(B)= K :

(12

As in the uncoupled case, nonzegoand ¢ occur only
when the total energhEq. (9)] is negative. After substitution

) ) _ ) _ ~of Egs.(10) and(11) into Eq.(9), we obtain the condition for
Up to this point we have considered an idealized speciajhis to be true:

case, in which a transition is initiated by a rotation of each

B. Coupled case

layer in the sense shown in Fig(c2. All odd layers remain ~ sinqd 2U (1-A)?> P.E [1-A?
. . . 2 1— + _

unchanged, while the orientatiah of the even layers alter- q =~ Kk (11 A2 K |\ 1+AZ
I T ; qd ( )

nates in direction. This arrangement was chosen as a reason-

able.approxma'uon for a th!n cell, in wh|ph anchorln'g forces oA eE2sir? 6, sinqd

dominate, and because of its mathematical convenience. In a - K =

thick cell, however, the scenario of the Edericksz transi- qd

tion may not be that simple, so we now consider a more 4w, 3

probable path for this transition. Such a path is shown in Fig. + «d (1+cosqd)<0. (13
2(d). Now the odd layers are allowed to rotate as well as the

even ones. The path of lowest energy is then for the evey, ihe limit of strong anchoringw,— =), Eq. (13) reduces
layers to all rotate in the same direction, while the odd layers, ine condition

also undergo a small rotation in this direction. This results in

an effectivesofteningof the system, which permits it to have a(E)d>7-r. (14)
a lower energy than in the previous, uncoupled, arrangement.
We now calculate the critical electric fiel.;, at which In the limit of small cell thickness, and hence large elec-

the system leaves the ideally aligned state shown in R&@. 2 tric fields, for whichE/E.,>1, both Egs(13) and (14) re-

to begin the transformation into the state shown in Fid).2 duce to the corresponding equations describing the un-

We will show that taking into account the cooperative Mo-coupled case, Eqé4) and(5). For moderate cell thicknesses,

tion of even and odd smectic layers may result in a signifi-however, Eq(13) predicts a Fredericksz transition to occur

cant reduction of the critical field when the cell thickness isat much smaller electric fields than before. For such fields we

not very small. Furthermore, this field does not necessarilyan neglect the dielectric anisotropy, and find the following

have to be larger thal,. As we will show, for an infinitely  expression for the critical field in the case of infinitely strong

thick cell and in the absence of any tendency to form a heanchoring:

lical structure, the AFLC leaves the ideally aligned antifer-

roelectric configuration even when a very weak electric field 1 ey, >

is applied. Ecs=p- V[2U +k(m/d)?]*—4U>. (15
For our analysis we take, = ¢(z) for the even layers,

and ¢, 1= 7+ (z) for the odd layers, and assume both We note that the critical fieldE.3, at which the system

¢(z) and (z) to be much smaller than unity. Expansion of leaves an ideally aligned antiferroelectric state, may be much

Eq. (1) to second order i and gives, with omission of all smaller than the fieldE,, at which the purely ferroelectric

angle-independent terms, state shown in Fig. ®) becomes energetically preferred to
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the purely antiferroelectric one shown in FigaR This is Ill. CONCLUSIONS

shown schematically in Fig. 3, which indicates the critical

field for homogeneous nucleation in each model as a func- In summary, we have studied the' Ederiksz transition in
tion of cell thickness. The thicknesh at which a field of  antiferroelectric liquid crystals in a model containing only
strengthE, sufficient to cause ferroelectric alignment can nearest-neighbor interactions between smectic layers of the
also cause homogeneous nucleation is given dy AFLC. We find the conditions under which an applied elec-

=3.45/k/U. tric field can cause a homogeneously nucleated transition of
To place these results in context, we can substitute typicghe system from the antiferroelectric to the ferroelectric

values for the parameters involvgd]. With k=10 N,  alignment. We demonstrate that taking into account the co-

Po=7.5<10*Cm% U=3x10°Jm™® Aesi = operative motion of the AFLC layers results in a significant

—0.1, and infinitely strong anchoring, we find the critical reqyction in the critical electric field for the transition.
cell thicknesd, to be as small as 25 nm. At the more typical

experimental cell thickness of Lm the electric field at
which homogeneous nucleation is predicted to occur is 4.6
X 10° V. m~1in the coupled model, and more than an order

of magnitude higher,~8x10° Vm™! in the uncoupled h " d ible by th fih
model. We should note, however, that the magnitude of the | "€ Presentwork was made possible by the support of the
interlayer interactionU is known only from indirect esti- National Science Foundation Science and Technology Cen-

mates, and so these figures may be subject to considerad@l for Advanced Liquid Crystalline Optical Materials
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