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Formation of a twisted synclinic structure by an antiferroelectric liquid crystal material
with strong quadrupolar interlayer coupling
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Following the work of Rudquisgt al.[J. Mater. Chem9, 1257(1999], the thresholdless mode exhibited by
some devices filled with some antiferroelectric liquid crystal materials is widely accepted to be due to the
formation of a twisted synclinic structure in the device. In this work, we consider under what circumstances
this structure forms in preference to the expected anticlinic structure. We show that a strong polar interaction
at the surfaces is a necessary but not sufficient condition, and that a strong quadrupolar component of the
interlayer interaction is also required. Examination of the stability of the possible ground states reveals a simple
explanation for the frequency and temperature dependent electro-optical properties that are observed experi-
mentally, including priming.
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Antiferroelectric liquid crystal$AFLCs) [1-3] are mem-  ¢_ represents the local average azimuthal angle of the direc-
bers of the general class of tilted smectic liquid crystals. Intor. In a twisted deviceg, will vary linearly between 0 and
these materials, the molecules are arranged approximately from one surface to the other, whereas in a nontwisted
into layers, and the average molecular directiondirecto)  device it will be constantg,,, however, is half the difference
within the layer is at a fixed cone angido the layer normal.  of the local azimuthal angles, and therefore represents the
The relationship between the azimuthal angles in adjaceqype of Ordering present: for anticlinic Ordering,b: 2,
Iayers is different for the various tilted smectic phases. FOI’and for synclinic Orderingﬁbzo_ The pair of smectic layers

example, the ferroelectric phase has the same azimuthliil be represented by the following expression for the free
angle from layer to layer, and the antiferroelectric phase haénergy;

alternating tilt directions. In both cases, the chirality of the 5 )
molecules gives rise to a net polarization perpendicular to the F=—EP, cOSe, COShy - E(%) 5(%)
molecular tilt plane in each layer, and a macroscopic helical a a b2\ gz 2\ oz
structure along the layer normal.

In most cases, an antiferroelectric liquid crystal confined
to a cell geometry, in which the layers are formed perpen- _ _ ) )
dicular to the surfaces, displays thresholded and hysteretithe first term represents the interaction of the applied feld
electro-optic characteristics, as shown in Fige)1However, ~With the spontaneous polarizatioRs in the two layergit is
in some cases, a thresholdleSsshaped electro-optic char- —EPs (C0S¢e+C0s¢)/2]. The second two terms are the
acteristic is obtained, as shown in FigbL Following the elastic energy stored due to distortions to the liquid crystal

work of Rudquist and co-workef#,5] published in 1999, it ~ Structure across the device width, using an elastic conktant
is now widely accepted that the cause of tWeshaped The final two terms account for the antiferroelectric nature of

electro-optic characteristic is the formation of a twistedthe interaction between adjacent layers. The first of these is a
ferroelectric structure in the device. While it has been pos-dipolar interaction(of strengthl') that favors anticlinic or-
tulated that a strong polar interaction between the surfacedering compared with synclinic ordering. The term with co-
and the liquid crystal is required in order for this twisted efficientA is a quadrupolar interaction that favors both states

ferroelectric structure to form, it has not been shown that this

+T cog ¢p,—A cog 2¢y,. 2

is sufficient to cause the material to change from being anti-  (a) Hysteretic Switching (b) Thresholdless Switching
ferroelectric as a bulk specimen to being ferroelectric in a
device geometry. transmittance transmittance

Here we present a theoretical model which shows that th
surface polar interaction is a necessary but not sufficient con:
dition for the formation of a twisted ferroelectric structure.
The liquid crystal is modeled according to a one-dimensional
model across the thickness of the devizalle consider only
two smectic layers, since we assume that the device is thir
enough to suppress the macroscopic helical structure of the
material. Assume that the azimuthal angles of the director in
the two layers areb, and ¢, representing the odd and even  F|G. 1. Example of the possible electro-optic characteristics of
layers, respectively. Let us now define the order parametergn antiferroelectric liquid crystal(a) shows typical hysteretic

switching and(b) the thresholdless mode exhibited by some mate-
_ bet 9o and ¢,= Pe bo (1) rials in a device geometry. The curves are generated using a model
a 2 b 2 of uniform and domain switching in an AFLC device.

applied voltage applied voltage
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FIG. 2. lllustration of the stable ground state in a device with L 0.1
strong polar anchoring at the surfaces, and no quadrupolar interac- .
tion between layers. When the paramela?/K is greater than onIy :WlstteglAF
about 5, the system is antiferroelectric in the bulk of the device, state stable
whereas if’d?/K is smaller than this, the liquid crystal is ferroelec-
tric throughout the device. T y r 0.01
. _ . 10 100 1000 10000
equally. It is the inclusion of the quadrupolar component of
the interlayer interaction that sets our work apart from other

models of thresholdless antiferroelectricity, including earlier (1"+4A)d2/K —_— AT
work from Mottram and Elstof6]. As the following discus-

sion shows, this quadrupolar term is the key to the formation, v, LTeRE O S T8 COe G ) and
of a twisted synclinic structure in a cell geometry. : ; X .
device pararmeters. If there is very little quadrupolar ordering

The boundary conditions are those of a strong polar na('small AIT'), the system is monostable and a very thin device is

tur_e, 1€, S0 th_at the layer polarizations of both Iayer_s a_rEFequired to form the twisted ferroelectric state. For higher ratios of
p0|nt_|ng either |ntp (_)r_out of both surfaces. The ancho_rmg ISA/T, there are regions of bistability, and far>I" the ferroelectric
considered to be infinitely strong so that the surface directorg;ia is lowest in energy.

will not switch under applied field. Since the polarizations

are pointing in the same direction in the two layers at eithefninimum device thickness. To obtain an order of magnitude
surface ¢, =0 at the surface§.e., the liquid crystal must be for this thickness we use values for the paramelessid K
ferroelectric at the surfageln order for the polarizations to that have been previously measured in AFLC mixture
be oppositely directed at the two surfacespifis defined to  ©S4001[7], that is, '~4000 J/rf andK~10"'1 N. A de-
be 0 on one surfacésay z=0), then it must ber on the  vice made with this material would have to be thinner than
other(at z=d, whered is the thickness of the devige about 0.1um, which is unrealistic. However, when the qua-
We first consider the ground state of the device, Ee., drupolar ordering term is included, the maximum device
=0 in Eg. (2). In this case, the minimization of the free thickness that will support a twisted ferroelectric structure

energy with respect t@, leads to becomes much larger, as illustrated in Fig. 3. This phase
Pa wz diagram shows the stability of the twisted ferroelectifg
EQ—=OH d)a:F’ (3)  and twisted antiferroelectriGAF) states as a function of the

dimensionless parameterk £ 4A)d?/K and A/T. It can be
seen that when the quadrupolar term is low, the critical value
of (I'+4A)d?/K is about 5, in agreement with the results for
Lagrange equation is formed: A=0 descr.ibed. apove. However, as the a_mount of quadru-
Py ich farger, In fact, Ton =1 the twisted foroeloatrc
K 9z° +17sin2¢, =24 sin 44, =0. @ state is preferred to the twisted antiferroelectric state, inde-
pendently of the cell gap. It is therefore clear that provided a
The equillibrium director profile is found by solving the tilted smectic liquid crystal has an appropriate interlayer in-
above Euler-Lagrange equation numerically, using a relaxteraction, it is possible for a material that is antiferroelectric
ation technique. The results are shown in Fig. 2 for a rangén the bulk to form a twisted ferroelectric structure when
of values of the dimensionless paramdter’/K, in the case confined to a cell geometry with a strong surface polar inter-
where the quadrupolar coefficieathas been set to zero. In action.
order for the twisted ferroelectric state to be formed in pref- The region of the phase diagram in Fig. 3 in which both
erence to the twisted antiferroelectric state, the value of thewisted AF andF states are stable, but the twisted AF state is
parameterl’d®/K must be less than about 5. For a givenlower in energy, is particularly interesting. Consider the ap-
material (i.e., a certainl’ and K), this condition requires a plication of a quasistatically increasing electric field to the

i.e., a linear variation inp, from 0 at one surface te at the
other. In order to find the solution forp,, the Euler-
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ground(twisted AP state. Apart from any variations close to ing to our theory, this time period corresponds to the time
the surface to satisfy the surface boundary conditions, théaken for the device to switch at 0 V by domains from the
liquid crystal will behave as a zero-dimensional AF[§].  twistedF state to the twisted AF state. This time period can
The directors will rotate around the smectic cone until thebe very long if the energies of the two states are very similar.
plane of the directors is approximately parallel to the appliedn the case where the energies of the two states are not so
field. The driving mechanism for this change is that a smalSimilar, we would expect there to be a critical frequency of
deviation of the directors from being completely coplanarthe applied field befor¥'-shaped switching is observed. This
results in a net polarization along the applied field. This alsdS consistent with many observations of the frequency depen-

causes a small rotation of the optic axis away from the layefe€nce ofV-shaped switching10,11.

: . - Our theory is also consistent with the observed tempera-
normal and _h_ence some I_|ght Ieakag_e. th_e pretransmonal e{-ure de end)énce of AFLC switching, since the interlz er
fect. At a critical electric field, there is a field-induced tran- couplingp coefficientd” and A must degénd on the temperg-
sition t(.) the ferroelectric state., which occurs by domalnture of the cell. It is clear that the coefficieht(which cor-
nycleauon and_ growth_. At all times, however, the su.rface esponds to the dipolar teymvill change sign at the phase
directors remain unswitched due to the strong anchoring. fransition between the smec@} state and the smectic*

quasistatically varying electric field therefore results in hys'phases. Sinca will remain positive across the phase transi-

teretic switching between the antiferroelectric and ferroelecﬂon’ the ratio of A/I" will increase as the temperature is in-

tric states, with an electro-optic characteristic that is very o ;
S ' . oo . . r war he ph ransition ween sm@itic-
similar to that of an untwisted devidsince the distortion at creased towards the phase fransition between smgfic

. . X and smectid=* . Therefore, even if at room temperature only
the surfaces contributes very little to the overall optical ef- , . o
o T the twisted AF state is stable, as the temperature is increased,
fect). This is shown in Fig. (a), where the results have been

enerated using a theoretical model that takes into accour%rt]e twisted” state will first become stable and then be ener-
?he domain grosvth and has been reported elsewfgire getically preferred. The electro-optic switching will therefore

As the frequency of the applied field is increased, thechange from being hysteretic and thresholdedvtehaped

. ) . %nd thresholdless, in agreement with experimental observa-
domain growth becomes slower than the changes in applletlons [10,11]
field, and hence once switched into the twistedtate, the e

device remains in that state. As Figbl shows, the device In this work, therefore, we have shown the importance of
therefore undergoes thresholdleBsF switching with a the quadrupolar component of the interlayer interaction in

V-shaped electro-optic characteristic. This is possible bet_he formation of a twisted synclinic structure by a material

cause the device is bistable between the AF Rsthtes, and tha.t IS antlferroelgctr|c in its bulk fo.”T‘- We have also ex
. X plained how the influence of the finite speed of domain
although the AF state is lower in energy for a range of volt- .
ages centered on zero, this state will not be accessed if thneucleatlon and growth can affect the shape of the electro-
g . . ' : . optic characteristic observed: in particular, as the frequency
voltage is changing too rapidly for domains that cause the'. . .
2 : is increased a change from hysteretic to thresholdless switch-
transition fromF to AF. It is therefore clear that for some .~ . I . X
. ; ; ing is observed. The priming effect is an extreme case in
AFLC materials(those whose parameters fall into this par-_ = . ; S
ticular region of the phase diagraythe switching character which the energies of the two states is very similar and so
g P g 9 V-shaped switching occufsnce primed into th& state for

istics will be frequency dependent. This prediction is consis- ST
tent with observations of “priming,” in which the liquid any reasonable frequency of applied field. We also show that

crystal switches initially from AF td= with a distinct voltage the temperature dependence of the switching characteristics

threshold, but thereafter undergdéshaped switching4,5]. ,([:r?n.b,? elxplamed 'T. terms f?.f Fhettemperature dependence of
When the voltage is removed, a period of réshich has € Interiayer coupling coethicients.

been reported to be up to a few minytesrequired in order The authors would like to thank the Royal Society and the
for the initial thresholded switching to be observed againLeverhulme Trust for funding. L.P.J. would also like to thank
(otherwise the device resum¥sshaped switching Accord-  Nigel Mottram for useful discussions.
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