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A series of liquid crystalline mixtures that exhibit remarkably stable 4-layer intermediate phases,

with phase ranges of around 30 uC, are reported. The mixtures are formed from a selenium-

containing antiferroelectric material combined with up to 9% (by weight) of a highly chiral

dopant. Various experimental methods including X-ray scattering and electro-optic techniques

were employed in order to determine a set of physical parameters for each of the mixtures, such as

smectic layer spacing, steric and optical tilt angles and spontaneous polarization. It is shown that

the antiferroelectric phase is lost at dopant concentrations between 5 and 6%, when the stability of

the 4-layer intermediate phase becomes significantly enhanced. This transition is associated with a

decrease in the ratio of the spontaneous to flexoelectric coupling coefficients in the system. The

combined observations suggest that molecular conformation is a more significant factor in

stabilising the intermediate phases than chirality. The data are compared with existing theories

of the intermediate phases and some, but not complete, agreement is observed.

Introduction

Ferroelectricity in liquid crystals was first predicted by Meyer

et al. over 30 years ago1 and the subject has since generated

considerable scientific interest as liquid crystals form the only

known ferroelectric fluids. Ferroelectric liquid crystals are

generally formed from chiral, rod-like molecules arranged in

layers, with the average molecular direction tilted with respect

to the layer normal. The most common liquid crystal structure

with ferroelectric properties is the chiral smectic-C (SmC*)

phase in which the molecules in the smectic layers tilt locally

in the same direction, a synclinic arrangement, as shown in

Fig. 1a. The structure in the SmC* phase is modified by a

macroscopic helix, aligned with the layer normal and with a

pitch length typically several hundred layers in dimension.

Ferroelectric liquid crystal devices exhibit rapid, bistable

switching (with response times in the microsecond regime,

three orders of magnitude faster than nematic liquid crystals)

and therefore are of significant technological interest.2

Liquid crystal antiferroelectric (SmCA*) phases were dis-

covered more recently.3 In common with the SmC* phase the

molecules are arranged in layers, but alternating layers tilt

in opposite directions (anticlinic ordering). These materials,

which also exhibit rapid switching (on the order of tens of

microseconds), have generated significant interest through

their three-state switching and the resulting potential to further

improve display technology. Some antiferroelectric liquid

crystalline materials exhibit several other smectic sub-phases

where, again, the molecules are tilted with respect to the layer

normal, but now more complex 3- or 4-layer repeats, sketched

schematically in Fig. 1, are observed. These are the so-called

intermediate or ferrielectric phases, usually denoted SmC*FI1

and SmC*FI2.

There have been significant advances in understanding the

interlayer structure of the intermediate phases,4 and it is now
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Fig. 1 (a) A schematic showing a 2-dimensional representation of the

layer structures of the antiferroelectric SmC*A phase (left) and the

ferroelectric SmC* phase (right). The helicoidal axis is coincident with

the layer normal, k_, but the helical structure is not shown, as one pitch

length is typically several hundred layers. (b) The direction of tilt of

successive (numbered) layers as viewed from above for the layers in

(left to right) the antiferroelectric phase, three-layer repeat inter-

mediate SmC*FI1 phase, the four-layer intermediate SmC*FI2 phase

and the ferroelectric SmC* phase. The helicoidal structure is apparent

in these diagrams, from the fact that successive layers in the SmC*

phase are not coincident, for example. A distortion angle, d, can be

defined for the 3-layer and 4-layer intermediate phases. The angle e is

the twist per layer due to the helicoidal structure.
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clear that both the SmC*FI1 and SmC*FI2 phases exhibit

biaxial structures and that a ‘distortion angle’, d, may be used

to define the degree of distortion from the uniaxial struc-

tures.5,6 There has also been some recent success in theoretical

descriptions of the intermediate phases.7,8 Nonetheless, the

mechanism of their formation is still not fully understood, and

none of the current theories can fully predict the phase

diagrams that are observed. This paper is concerned with

exploring factors that affect the stability of the intermediate

phases.

It is known that the occurrence and stability of the

intermediate phases are dependant on the chirality (optical

purity) of the material.9 Indeed, the intermediate phases

have been observed to occur only in chiral materials, in

contrast to the antiferroelectric phase, which has an achiral

analogue that retains the anticlinic packing structure. Gorecka

et al.,10 Cepic et al.9 and Cady et al.11 examined the influence

of enantiomeric excess on the stability of the intermediate

phases and showed that, with increasing optical purity, the

synclinic SmC* phase transforms to the SmC*FI2 phase. They

further showed that the incommensurate SmC*a phase (that

occurs between the tilted SmC* phase and the orthogonal

SmA phase) increases in stability at the expense of the SmC*

phase, and that the SmC*FI2 phase ultimately disappears

with decreasing optical purity. The most common theoretical

approach to understanding these phenomena relies on

developing a free energy expression based on the various

interactions between the smectic layers. Cepic and Zeks9

suggested a theory of stability of the intermediate phases

(developed further by Olson et al.7) that used the fact that tilt

interacts to the nearest layers only, polarization interacts to the

next nearest layers, as does the coupling between tilt and

piezoelectric effects, while chiral interactions due to flexo-

electric effects could be important to the third nearest layers.

They showed that in highly-chiral systems the tilt/piezoelectric

coupling could cause the SmC* phase to disappear in favour

of the SmC*a phase and could also lead to the stabilisation of

the 3-layer SmC*FI1 phase.

Emelyaneko and Osipov12 showed that an expression for the

free energy similar to that of Cepic and Zeks could be deduced

for a tilted smectic system without requiring direct coupling

between next-nearest layers. They noted that a discrete

flexoelectric effect (i.e. the appearance of an induced polariza-

tion in a smectic layer because the two adjacent layers have

different director orientations) occurs. Further, they noted that

coupling between the spontaneous polarization (that occurs as

a direct consequence of chirality) and the induced (flexo-

electric) polarization stabilizes a non-planar structure for the

intermediate phases, such as has been observed.5,6 The theory

of Emelyaneko and Osipov predicts that:

1. As the tilt angle decreases, the induced flexoelectric

coupling decreases;

2. Where the dipolar coupling coefficient, g, is relatively

small, increased stability of the SmCA* phase occurs alongside

an increased stability of the 4-layer SmC*FI2 phase. The

coefficient, g, can be thought of as relating to the positional

correlation between molecules in adjacent layers.

3. Where g is larger, the SmC*A phase stability reduces while

both the SmC*FI1 and SmC*FI2 phase stability is enhanced.

4. The stability of both intermediate phases is enhanced

where the ratio of spontaneous-to-flexoelectric polarizations

(a factor symbolised as |cs/cf|) decreases.

Very recently, it has further been suggested that periodic

layer curvature is a potential mechanism that generates a

sufficiently long-range elastic interaction between the layers

to allow the formation and stabilisation of the intermediate

phases.13,14 In this case, the important parameters are the

distortion angle (defined in Fig. 1) and the layer anisotropy.

This theory can predict all the phase sequences that have been

reported to date, but still does not effectively reproduce the

experimentally determined phase diagrams. The theories of

both Osipov and Taylor further predict that commensurate

intermediate phases with more than 3- or 4-layer repeats can

occur, though to date, no such high periodicity phases have

been confirmed experimentally.

Clearly, theory has predicted that several factors can con-

tribute towards the formation and stabilisation of the inter-

mediate phases. In addition, a recent study by Lagerwall et al.15

suggests that frustration between the SmC* and SmC*A phases

is fundamental to the generation of intermediate phases.

In this paper we report significant widening of the inter-

mediate phases in a series of mixtures of increasing chirality.

We employ a wide variety of complementary experimental

techniques to correlate the destabilisation of the SmC*A phase

in favour of the intermediate phase with as many physical

parameters as possible. In particular, we show that, in the case

reported here, the 4-layer phase is stabilised at the expense

of both the antiferroelectric and the 3-layer intermediate

phases and we discuss this phenomenon in the context of

existing theories.

Materials

The molecular structure of the liquid crystalline material

used as a basis for mixtures in this work is shown in Fig. 2a.

This selenium-containing material has been studied in detail

previously.16,17 Samples of this R-handed material were mixed

with various amounts of the highly chiral dopant of equivalent

handedness, R1011,18 whose molecular structure in the

elongated conformation is also shown in Fig. 2b. Nine

Fig. 2 The molecular structures of (a) the host antiferroelectric liquid

crystal compound and (b) the chiral dopant, R1011.
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mixtures of the host material and R-dopant were made at

concentrations starting from 1% and stepping up in whole

units to 9%, with an error of no more than 0.05% in the dopant

concentration. In this paper, mixtures are denoted mixture x,

where x is an integer corresponding to the concentration of the

chiral dopant. The pure (un-doped) sample will be denoted

mixture 0.

A phase diagram for the mixtures is shown in Fig. 3, and it is

noted that the transition temperatures were repeatable for

replicated batches of a particular mixture. The transition

temperatures were determined on cooling at rates no greater

than 1 uC min21. The only transition to show significant super-

cooling (20–30 uC) is the crystal to liquid crystal transition,

which is strongly 1st order. Nonetheless, the liquid crystal

phases held at temperatures above the crystallization tempera-

ture shown in Fig. 3 were stable for at least several days. A

combination of polarising microscopy on free-standing films

and devices and layer spacing data determined through small

angle X-ray scattering was used to determine the phase

diagram. The layer spacing data specifically show where the

orthogonal (SmA) to tilted phase transitions occurred. The

transition temperatures of the intermediate phases noted in

Fig. 3 were determined solely using polarising microscopy on

free-standing films formed across a 2 mm gap and controlled

to an accuracy of ¡0.1 uC, since the intermediate phases were

found to be unstable in the device geometry, in common with

Fig. 3 The phase diagram for the mixtures. The intermediate phase region is not subdivided into 3-layers and 4-layers in the diagram. However, it

is known from resonant X-ray scattering that mixture 0 shows only a 3-layer SmC*FI1 phase, while mixtures 3 and 6 exhibit only the 4-layer

SmC*FI2. No SmC*a phase regions are marked on the phase diagram, although their existence cannot be ruled out due to the difficulty in observing

their textures using microscopy, particularly in mixtures with high dopant concentration where molecular tilt is small. The lines joining the data

points are a guide to the eye.
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the observations of others.19 The phase diagram shows that the

addition of the dopant to the pure compound results in a

remarkable enhancement of the temperature range of the

intermediate phases from around 5 uC in the pure material to

around 30 uC at a dopant concentration of 6%. It can also be

seen that the dramatic widening of the intermediate phase

occurs at the expense of the SmC*A phase, which is suppressed

at high dopant concentrations. The behaviour of the mixtures

in terms of phase stability will be discussed with other results

and measurements in later sections of the paper.

Resonant X-ray scattering experiments provide direct

information about the interlayer periodicities of intermediate

phases.20 In addition to SmA, SmC* and SmC*A phases, the

pure material has been shown previously to exhibit a single

intermediate phase, identified through resonant-scattering

X-ray studies16 as the SmC*FI1 phase. It was possible to carry

out resonant scattering studies on free standing films of

mixtures 3 and 6, revealing unequivocally that the intermediate

phase in these two mixtures is SmC*FI2. Although direct

measurements of the interlayer periodicities for the other

mixtures have not yet been carried out due to the technical

difficulties in performing resonant X-ray experiments, polaris-

ing microscopy indicates that the textures of the intermediate

phases are identical in mixtures 2 to 9, strongly suggesting that

all the higher concentration mixtures exhibit the 4-layer

intermediate phase. These data suggest that in this system of

mixtures, the 4-layer super-lattice structure becomes more

stable than the 3-layer structure with increasing dopant

concentration.

Experimental

The mixtures were studied across the mesophase temperature

range with respect to their layer spacing, optical and steric tilt

angles and spontaneous polarization. The temperature depen-

dence of the layer spacing, d, was determined with an accuracy

of 0.3% and a temperature resolution of ¡0.1 uC using small

angle X-ray scattering (SAXS). The measurements were made

on powder samples contained in small Kapton envelopes. The

experiments were carried out at station 2.1 of the Synchrotron

Radiation Source (SRS), Daresbury, UK. The station is

equipped with an area detector and provides an X-ray beam

of wavelength 1.54 Å. X-Ray data provides information on the

isotropic to SmA phase transition temperature of a sample,

which is marked by the first occurrence of the (0 0 1) Bragg

diffraction peaks associated with the smectic structure, as the

sample is cooled from the isotropic phase. It can also be

used to verify the SmA to SmC* transition temperature, To,

indicated by the rapid change in layer spacing that is normally

associated with the orthogonal to tilted phase transition. The

steric tilt angle, hs, can be deduced from the layer spacing

through the relation coshs = d/dc where dc is the layer spacing

in the SmA phase at the SmA to SmC* transition.

The optical tilt angle, ho, and the spontaneous polarization,

Ps, were determined with accuracies of ¡0.5u and ¡5 nC cm22

respectively, using standard electro-optic techniques.21 All

such measurements were made on materials contained within

devices treated with polymer surface alignment layers, rubbed

on one side only, to ensure excellent planar alignment of the

materials. Sufficiently high voltages were applied to the

samples to ensure saturated switching.

Results and discussion

Layer spacing

The temperature dependence of the smectic layer spacing for

the mixtures is shown in Fig. 4 (no data are available for

mixture 1). The temperature is quoted with respect to To. The

behaviour of the layer spacing as a function of temperature for

mixtures 2, 3 and 4 demonstrates a regular increase in the layer

spacing value at any given temperature with increasing dopant

concentration. This trend is generally not sustained for

mixtures doped with 5% or more of R1011. In particular, the

layer spacing for mixture 8 at any given temperature is larger

than that for mixture 9 at the same temperature, and the same

phenomenon occurs for mixtures 6 and 7.

There are two key aspects to the data of Fig. 4, the variation

of the layer spacing with temperature and overlying effects

of the changing dopant concentration. We consider first the

dependence of the layer spacing on temperature for the

mixtures. It can be seen that for each mixture, the layer

spacing in the SmA phase increases markedly with reducing

temperature. The orthogonal to tilted phase transition, To, is

clear for mixtures of low dopant concentration as the point at

which the layer spacing reduces rapidly due to molecular tilt

Fig. 4 The layer spacing as a function of reduced temperature,

deduced from SAXS experiments on powder samples of the mixtures.

The uncertainty in layer spacing is 0.3%.
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within the layers. At higher concentrations, a transition can

still be observed, though it is less clear, an effect that will be

discussed further later. All mixtures show a minimum in layer

spacing before it increases again at lower temperatures,

ultimately achieving a value higher than that observed in the

SmA phase. Similar behaviour has been reported in other

antiferroelectric liquid crystalline materials and has been

attributed to restrictions in conformational structures and

molecular rotation as the temperature reduces.22 In this system

of materials, there appears to be an approximately linear

increase in the layer spacing in the SmA phase as the

temperature is reduced, that continues across the mesophase

range and that therefore underlies other trends associated with

specific phase transitions.

In discussing the influence of dopant concentration on

trends in layer spacing, it is helpful to consider specific

mesophase regimes individually. The maximum value of the

layer spacing attained for each of the mixtures in the SmA

phase is at the SmA to SmC* transition (denoted dc), and is

plotted as a function of dopant concentrations in Fig. 5. In the

case of mixture 0, dc has a value of 36.45 ¡ 0.03 Å, which is

somewhat smaller than the fully extended molecular length

calculated from the molecular structure (41.40 Å). The

maximum value of layer spacing in the SmA phase can be

seen to increase as the dopant concentration increases. This

could imply that addition of the chiral dopant effectively

causes the smectic ordering to increase and this implication is

supported by the observation of a reduction in the X-ray

diffraction line width as the dopant concentration increased.

However, it is also possible that an increase in the orientational

order parameter is responsible for some of the increase in layer

spacing, a possibility that requires independent measurements

to be reported in a future publication.

Looking again at Fig. 4, the layer spacing well below To may

be correlated with the temperature range of the SmC*A phase,

where it exists (i.e. mixtures 0 to 5). The increase in layer

spacing as more dopant is added and, in particular, the

dramatic increase between mixtures 4 and 5, corresponds to

narrowing of the SmC*A phase that becomes marked in the

case of mixture 5. This correlation has been noted previously

by ourselves for other systems,22 as well as by Ikeda et al.,23

and is a result of the stabilisation of the SmC*A phase due to

molecular pairing between adjacent layers. The layer spacing

becomes larger still as the dopant concentration is increased to

6% (mixture 6) at which concentration the SmC*A phase is

suppressed and the SmC*FI2 phase becomes remarkably stable.

This could suggest that the interlayer pairing is less important

with respect to the formation of the 4-layer intermediate phase

than it is for the SmC*A phase, though such a conclusion is not

intuitive. It must also be noted that, for mixtures 6 to 9, the

widening of the intermediate phase range does not correlate

with an increase in layer spacing (e.g. the temperature range of

the SmC*FI2 phase in mixture 7 is wider than that of mixture 6,

while the layer spacing for mixture 6 is larger than that for

mixture 7). Thus, it seems that once the interlayer interactions

reduce sufficiently to suppress the SmC*A phase, other factors

must become dominant in stabilising the SmC*FI2 phase.

The importance of the role of conformational packing in the

formation of the intermediate phases has been considered by

Cepic et al.9 who argue that, if smectic order is large, molecular

interactions within a single layer become more important than

interlayer interactions in defining the orientational packing of

molecular chains and cores. The packing arrangement adopted

by the molecules in the mixtures reported in this paper plays

a significant role in the formation of intermediate phases, as

will be discussed in the following section, and this suggests

also that the increase in smectic order is correlated with the

stabilisation of these phases.

Tilt angle

As already mentioned, two values of tilt angle may be

determined for the mixtures. Each data set provides specific

information about the system since the steric tilt angle reflects

the orientation of the mass axis of the molecules with respect

to the layer normal, while the optical tilt angle primarily

probes the orientation of the highly polarisable molecular

cores. In calculating the steric tilt, the underlying, approxi-

mately linear expansion of the layers must be compensated for

in order to get realistic values. The linear increase in layer

spacing was determined in the SmA phase and an adjustment

was implemented to the full data set, taking To as a fixed

reference point. Fig. 6 shows the steric tilt angle values

obtained for the mixtures on which X-ray diffraction experi-

ments were carried out. The optical tilt angle data for all the

Fig. 5 The dependence of the maximum layer spacing in the SmA

phase (achieved at the SmA to SmC* transition) as a function of

dopant concentration.
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mixtures studied are shown in Fig. 7. There are two aspects of

the data to discuss: information that can be deduced by a

comparison of the optical and steric tilt angles; and conclu-

sions that may be drawn from behaviour common to both of

the tilt angle data sets as a function of dopant concentration.

Consider first the general trends observed for both data sets.

The tilt angle behaviour with temperature is typical for this

kind of liquid crystalline material, rising continuously from

zero at the SmA to SmC* transition, and tending towards a

saturated value at lower temperatures. For mixtures 0 to 5,

both the steric and optical tilt angles generally reduce for

mixtures where the concentration of the chiral dopant is

increased, though it is worth noting that the optical tilt angle

measured for mixtures 1 and 2 is identical over most of the

phase range. The relatively uniform decrease in tilt angle with

increasing dopant concentration breaks down for mixtures 6 to

9, a feature that is again coincident with the concentration at

which the SmC*A phase loses its stability entirely in favour of

SmC*FI2. This suggests a link between the stability of the

intermediate phase and the relative arrangement of molecular

cores and alkyl chains within the layers. This suggestion is

examined in more detail by considering a comparison of the

steric and optical tilt angle data for equivalent mixtures. It is

clear that, for all mixtures, the steric tilt angle, hs, is

significantly smaller than the optical tilt angle, ho, implying

that the alkyl chains are less tilted than molecular cores, as

has been observed for other similar materials.22 An approach

that gives a deeper insight into the relative arrangement of

molecular cores and chains is to examine the tilt angle ratio,

hs/ho, as a function of reduced temperature, Fig. 8. The

temperature accuracy contributes significantly to the uncer-

tainty in calculating the ratio because of the two distinct

measurement techniques involved; although relative tempera-

ture accuracy in the two methods is excellent (¡0.1 uC), the

absolute accuracy of temperature measurement is less than

this, typically ¡1 uC. As the tilt angle changes most rapidly

close to the phase transition, data are not considered for the

first 2 uC below To.

The tilt angle ratios for mixtures 0, 2, 3 and 4 (Fig. 8a) take

values between 0.60 and 0.75, with little variation between the

mixtures. A significant drop in the ratio to an average of

around 0.53 is observed for mixtures 5 and 6 (Fig. 8b). This

change indicates a marked reduction in the tilt of the mass axis

of the molecules with respect to that of the cores; the alkyl

chains of the molecules must become far less tilted than at

lower concentrations. This concentration threshold coincides

with the point in the phase diagram where the SmC*A phase is

lost and SmC*FI2 becomes remarkably stable (see Fig. 3).

There is an anomalous rise in the ratio determined for mixture

7 (to an average value of 0.65), associated completely with the

Fig. 7 The optical tilt angle as a function of reduced temperature for

the mixtures studied, with a typical accuracy of ¡0.5u. The data points

above 0 uC represent induced tilt due to the electroclinic effect.
Fig. 6 The steric tilt angle as a function of reduced temperature for

the mixtures studied using SAXS. The data are deduced from the layer

spacing data after correcting for the underlying linear expansion of the

layers, and using the formula coshs = d/dc. Typical error bars are

shown for only a few data points for clarity, but are similar across the

data set.
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decrease in the optical tilt angle, and therefore further change

in the optimum conformation of the system (both the core

and the alkyl chains of the molecule are less tilted). A

dramatic reduction in the hs/ho ratio for mixtures 8 and 9

(to approximately 0.44 and 0.52, respectively) follows, due

primarily to a change in the steric tilt. This appears to be the

final conformational change that the alkyl chains can adopt

(to increasingly lower tilt values as the dopant concentration is

increased). It is worth noting that mixtures 8 and 9 also exhibit

a much greater temperature dependence in hs/ho than is

observed for mixtures of lower concentration, or indeed for

other materials.22,24

Spontaneous polarization (Ps)

The temperature dependence values of the spontaneous

polarization of some of the mixtures studied are shown in

Fig. 9. Data for mixtures 0, 1 and 2 overlap across almost

the entire temperature range. The spontaneous polarization

generally reduces as the dopant concentration increases for the

other mixtures, but this reduction becomes less correlated with

dopant concentration when the concentration exceeds 6%, as

seen from the overlap in Ps curves for mixtures 7 and 8.

Large Ps values (up to 160 nC cm22) are obtained in

mixtures with low dopant concentrations and wide SmC*A

phases, consistent with the requirement of large dipole

moments in the stabilisation of the antiferroelectric phase.

For a more quantitative consideration of the difference in

Ps between the various mixtures, Ps values at a particular

temperature for all mixtures are tabulated and are shown in

Table 1. The table also shows the temperature range of the

SmC*A for the mixtures.

The most dramatic change in Ps occurs between mixtures

5 and 6, and is associated with the diminishing of the SmC*A

phase, as argued previously. However, another dramatic drop

in Ps takes place at low concentrations (between mixtures

2 and 3). This drop in Ps is not accompanied by any significant

difference to the temperature range of the SmC*A phase, as

seen from the table. The only manifest concentration-

dependant change in the phase sequence occurring at such

low concentrations is the stabilisation of the four-layer

structure for the intermediate phase at the expense of the

three-layer structure.

It is also worth noting that for all mixtures the polarization

continues to grow with decreasing temperature even though

the tilt angles saturate at low temperatures, implying that the

Ps/tilt coupling is not linear. Again, such behaviour has

been observed in other systems25 where the biaxiality of the

system was shown to be relevant in explaining the different

temperature dependence of the Ps and tilt.

A useful measure of the strength of chiral interactions can be

obtained from considering the ratio between the spontaneous

polarization and the sine of optical tilt, Fig. 10. The data for

Fig. 8 The ratio of steric tilt angle, hs, to the optical tilt angle, ho, as a function of temperature for (a) mixtures 0, 2, 3 and 4, and (b) mixtures 0, 5,

6, 7, 8 and 9 (data from mixture 0 is plotted in both graphs for comparison). Typical vertical error bars are shown on some curves but omitted from

others for clarity. The temperature error is typically ¡1 uC.
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mixtures 0 to 5 shown in the figure do not vary much with

changing dopant concentration, particularly as the tempera-

ture reduces. However, the data for mixture 6 reveals a

significant reduction in the chiral interactions compared with

mixtures of lower concentrations. This indicates that chirality

plays a weaker role in the stabilisation of the intermediate

phase than other factors discussed earlier. Furthermore, it

represents a decrease in the ratio of spontaneous-to-flexo-

electric polarisation, |cs/cf|, a factor relevant to some of the

predictions of Emelyaneko and Osipov.12

Summary of data and correlation with theory

There are several regions of interest in terms of dopant con-

centration in the mixtures that correlate with key points on the

phase diagram shown in Fig. 3. Our data may be summarised

as follows:

1. An increase in layer spacing and smectic ordering

(observed from a decrease in the scattering line width) is

observed for all mixtures with increasing dopant concentration.

2. For mixtures up to around 2% dopant concentration,

there is almost no change observed in the tilt angles (either

steric or optical) or the spontaneous polarization across the

mesophase range.

3. At a dopant concentration of around 3%, the steric and

optical tilt angles and the spontaneous polarization reduce,

and this trend is maintained for the 4% mixture. The ratio of

the tilt angles is similar for all of the mixtures with less than

4% concentration.

4. For the 5 and 6% concentration mixtures the optical tilt

angle remains approximately constant, while the steric tilt

angle and the spontaneous polarization reduce.

5. For mixtures with a dopant concentration greater than

6%, the optical tilt angle reduces, then remains constant. In

addition, the steric tilt angle reduces, while the spontaneous

polarization remains approximately constant with increasing

dopant concentration.

By comparing the textures of the intermediate phase using

polarising microscopy, we deduce that the 3-layer structure

gives way to the 4-layer structure at around 2% dopant

concentration. Our experimental data show an increase in

smectic order from mixture 0 to 2, and a decrease in Ps at

higher concentrations, agreeing to some extent with the

predictions of Emelyaneko and Osipov12 who suggest that an

increase in order (the dipolar coupling coefficient, g) could

stabilise the 4-layer structure. However, they also predict an

increased stability of the SmC*A phase for small values of g

Fig. 9 The variation of Ps with temperature for the mixtures.

Table 1 Spontaneous polarization values for all mixtures at 34 uC
below To, and the width of the SmC*A phase on the temperature scale
for each mixture

Mixture 0 1 2 3 4 5 6 7 8 9

Ps/nC cm22 130.6 132.0 134.0 117.4 112.7 104.5 87.5 77.8 77.2 78.7
Width of

SmC*A/uC
52.7 51.2 51.0 50.9 48.0 28.0 0.0 0.0 0.0 0.0

Fig. 10 Ratio of Ps to sinho as a function of temperature for the

mixtures studied.
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which is not observed. Further, both the 3-and 4-layer struc-

tures are predicted to have increased stability, as g increases,

but we do not observe the 3-layer structure at dopant

concentrations greater than 2%.

The SmC*A phase is destabilised at a dopant concentration

between 5–6%, in favour of the SmC*FI2 phase. The

destabilisation of the SmC*A phase is predicted to occur for

large g and reduced spontaneous polarization, and this

observation fits well with earlier experimental observations.

Further, Zeks and Cepic9 note that the piezoelectric and

electrostatic interactions that favour intermediate phases tend

to favour a packing where the cores are more tilted than the

chains, as is observed here in this intermediate concentration

range. Further, the ratio of spontaneous-to-flexoelectric

polarisation, |cs/cf|, also reduces in this range, in good

agreement with the work of Emelyaneko and Osipov12 who

predicted that a reduction in the spontaneous to flexoelectric

coupling coefficients increases the stability of the intermediate

phase. All theories predict that where the chirality becomes

very high, or the tilt very low, the intermediate phases will

disappear completely, as observed at the dopant concentration

of 9%. It is clear that some aspects of the observed theory can

be correlated with our observations, but there is not uniform

agreement of any theoretical work with our experimental

observations.

Conclusions

This paper presents results from an investigation of the

physical properties and the phase sequences of an antiferro-

electric liquid crystal material and nine mixtures derived by

including it with a highly chiral dopant at concentrations from

1 to 9%. The addition of the chiral dopant results in significant

widening of the 4-layer intermediate phase at the expense of

both the SmC*A phase and the 3-layer phase. The SmC*A

phase is completely suppressed when the chiral dopant in the

mixture has a concentration of between 5 and 6%.

A comparison between the steric and optical tilt angle

measured suggests that the stability of the intermediate phase

is closely linked with the molecular conformation, and that the

dopant molecules have a significant effect on the conforma-

tional freedom of the host molecules. A reduction in the tilt of

the alkyl chain of the system (with respect to the core) plays a

major role in stabilising the intermediate phase, through a

reduction in the coupling of the spontaneous to flexoelectric

polarization. The stabilisation of the intermediate phase at the

expense of antiferroelectric phase is correlated with increased

smectic order and a reduction in the spontaneous polarization.

Chirality plays a weaker role in the stabilisation of inter-

mediate phases than does the conformational arrangements of

the molecules within the layers.
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