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X-ray diffraction studies are carried out in order to probe the smectic layer structure in liquid
crystal devices filled with FLC mixture SCE8 and AFLC mixture CS4001, at a temperature
just above the SmA*–SmC* phase transtion. The data gathered are time-resolved in
synchronization with a bipolar voltage pulse applied across the device. The layers are
observed to move dynamically and reversibly with voltage application and removal, giving
evidence for temporary vertical chevron formation due to the electroclinic effect on a
timescale consistent with this phenomenon.

1. Introduction

The electroclinic effect was first reported as a pre-

transitional phenomenon at temperatures above the

smectic A* to smectic C* phase transition in 1977 by

Garoff and Meyer [1]. When an electric field is applied

parallel to the layers of a smectic A* (SmA*) liquid

crystal a tilt (perpendicular to the applied field) is

induced in the molecular axis, its magnitude being

proportional to the applied field. With a sub-milli-
second response time and grey scale capabilities, the

electroclinic effect has great potential as a high speed

electro-optic modulator [2, 3].

In addition to a field-induced tilt in the molecular

axis, a tilt can also occur as the material is cooled into

the underlying smectic C* (SmC*) phase. In a planar

aligned device, where the SmA* layers are originally
perpendicular to the surfaces (the ‘bookshelf’ geome-

try), the phase transition is accompanied by the

formation of a ‘vertical chevron’ structure [4], as shown

in figure 1 (a). The vertical chevron forms because it

allows the layers to become thinner as the molecules tilt

relative to the layer normal, whilst retaining the layer

periodicity defined by the bookshelf structure. There is

also no need for any layer movement at the surface, and
hence it is a relatively rapid process. In the field-induced

electroclinic effect, layer shrinkage also occurs, and so

in a device geometry it too might be expected to be

accompanied by some kind of layer reorientation.

Let us suppose that when an electric field is applied to

a SmA* bookshelf structure, the layer packing density

is conserved in the same way as when the material is

cooled from SmA* to SmC*, i.e. a vertical chevron is

formed. However, as shown in figure 1 (b), the sponta-

neous polarization in a vertical chevron is not parallel to

the applied field. Therefore there is a torque which has a

tendency to cause the layers to rotate in a vertical plane.

This is the same driving mechanism that causes the well

known chevron to quasi-bookshelf transition at high

fields in SmC* materials at any temperature. The term

‘quasi-bookshelf’ is used because there must be some

layer-breaking as the layer packing density is destroyed,

and hence a somewhat disorganized structure is formed.

An alternative to the quasi-bookshelf structure is the

‘horizontal chevron’, in which the layers tilt within the

plane of the surfaces [5, 6]. This preserves the layer

packing density at the same time as aligning the

spontaneous polarization with the applied field.

However, unlike the vertical chevron case, the surface

layers must move in order to create a horizontal

chevron, so the process is relatively slow. The transition

from vertical to horizontal chevron structures causes the

familiar needle defects often observed in SmC* devices

that have had some field treatment.

It seems logical, therefore, to expect the same kind of

horizontal chevron formation as a result of the

electroclinic effect in the SmA* phase, and indeed, it

has been reported many times [7, 8], although it is often

unclear as to whether the original bookshelf structure is*Corresponding author. Email: robert.richardson@bristol.ac.uk
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regained on field removal. In one study [9], performed

using microbeam time-resolved X-ray diffraction

(XRD), the horizontal chevron formation occurs

temporarily as the field is applied, and the original

bookshelf structure is regained after field removal, on a
timescale of around 50 ms.

The formation of the horizontal chevron structure

requires movement of the surface layers, which can only

occur on a timescale much longer than that of

electroclinic switching. On the other hand, formation

of the vertical chevron does not require movementof the

surface layers, and is therefore a much faster process. It

is therefore reasonable to suggest that a vertical chevron
may form transiently during application of an electric

field on a sub-millisecond timescale. Results obtained

previously using XRD suggest that a vertical chevron

structure may be induced by the electroclinic effect [10,

11], however this was on a much longer timescale than

we are proposing. More recently, the same group have

published results using time-resolved micro-beam XRD

on electroclinic materials and reported both horizontal,
vertical and ‘compound’ chevron structures, depending

on the timescale and amplitude of the applied voltage

waveform [12]. We have therefore carried out our own

investigation into the structure present during sub-

millisecond electroclinic switching in the SmA*

phase on two different chiral smectic liquid crystals,

one ferroelectric and one antiferroelectric at room

temperature.

2. Experimental

Time-resolved X-ray diffraction experiments were carried
out at Station 2.1 of the Synchrotron Radiation Source

(SRS) at Daresbury Laboratories, UK [13]. This station

has been used in the past to measure transient layer

motion in smectic liquid crystal devices [14, 15], but far

away from the phase transitions, i.e the studies were not

of the electroclinic effect. Our devices suitable for X-ray

scattering studies were fabricated using glass coverslips of

thickness 0.1 mm (to minimize attenuation of the X-ray
beam), with parallel rubbed polymer surfaces. The

devices, filled with either ferroelectric liquid crystal

(FLC) mixture SCE8 or anti-ferroelectric liquid crystal

(AFLC) mixture CS4001, were typically 1 or 2 microns

thick to ensurea strong surface influence on the bulk of

the samples. The phase sequences of the two materials are

as follows:

SCE8 : Cr {15ð ÞSmC� 59ð ÞSmA� 79ð ÞN� 100ð Þ

CS4001 :

Cr {70ð ÞSmC�A 67ð ÞSmC�c 68ð ÞSmC� 70ð ÞSmA� 86ð ÞI 0Cð Þ

from which it can be seen that although CS4001 has

underlying antiferroelectric and ferrielectric phases, the

phase immediately below the SmA* phase is SmC*.

Therefore in both cases, the study of the electroclinic
effect is carried out around the SmA*–SmC* phase

transition.

The X-ray beam was of wavelength 0.154 nm, and the
experiment was carried out in the Bragg geometry (see

figure 2). The waveform applied to the sample was

generated by a Wavetek 395 arbitary waveform

generator. This was triggered by the time frame

generator in the data aquisition system of the beam-

line station. The rotation of the sample stage, the

sample temperature (controlled by a heating stage) and

the data aquisition were all controlled via JPython
script files. In order to be sure that the cell was at the

correct temperature to exhibit the electroclinic effect

(i.e. just above the SmA*–SmC* phase transition), it

was useful to observe both the sample texture and

electro-optic response between crossed polarizers with-

out removing the cell from its heating stage. In order to

do this, the experimental arrangement shown in

figure 2 (a) was used. By rocking the cell into one of
two specific positions, it was possible to observe either

the texture or the electro-optic response before perform-

ing the X-ray measurements themselves (which would in

general be at a set of different rocking angles). The

texture of the sample was monitored using a polarizing

zoom microscope (Leica) with a TV camera and a data

capture card, whereas the electro-optic response was

measured using a laser, polarizers and photodetector.

Figure 1. (a) Formation of a vertical chevron structure from
the bookshelf structure on cooling from SmA* to SmC*. (b)
When an electric field is applied to a vertical chevron, the
spontaneous polarization is not parallel to the applied field,
and hence there is a torque which might cause the layers to
‘stand-up’.
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Both liquid crystal materials SCE8 and CS4001

exhibit an electroclinic effect close to the SmC* to

SmA* phase transition, and form a vertical chevron

structure on cooling into the SmC* phase. Figure 3

shows the electro-optic characteristics of both materials

at a temperature just above the SmA*–SmC* phase

transition. It is clear that, for the same applied voltage,

the AFLC CS4001 shows a much greater modulation of

the transmitted intensity than the FLC SCE8, implying

a stronger electroclinic effect. This was verified by

rotating the cell to extinction between crossed polarizers

at the two voltage extrema ¡10 V and noting the

azimuthal angle difference. In SCE8 the optical tilt

angle for ¡10 V was found to be ¡1u, whereas in

CS4001 it was ¡5u, both at the same temperatures used

to gather the data shown in figure 3. This therefore

confirms that the increased electro-optic modulation

shown by CS4001 is indeed due to a larger change in the

optic axis, i.e. a stronger electroclinic effect. It is likely

that this is because the spontaneous polarization (Ps)

for the two materials is very different: they are

measured to be 80 nC cm22 for CS4001 and 8 nC cm22

for SCE8, both at room temperature. Although the

spontaneous polarization is zero in the smectic A phase,

the larger room temperature value for CS4001 suggests

that it will have a greater susceptibility to field induced

structural changes.

Figure 4 shows the waveform applied to the cells

during the X-ray experiment. A bipolar pulse of 20 V

amplitude and 500 ms duration (for each sign) was

applied every 10 ms, i.e. there was 9 ms rest between

pulses. The X-ray data acquisition was separated into

time bins of varying length, and synchronized with the

applied waveform. Bin 1 was for the 500 ms period

immediately before the bipolar pulse, bin 2 for the

500 ms where +20 V is applied, and bin 3 for 220 V

applied. For the SCE8 cell, figure 4 (a), the remaining

8.5 ms was placed into bin 4, whereas for the CS4001

cell, Figure 4 (b), where the experiment was performed

at a later date, the 500 ms immediately after the bipolar

pulse was placed into bin 4, and then the remaining

8.0 ms into bin 5, so that the timescale of the layer

relaxation could be assessed. The pulse length of 500 ms

for each half of the bipolar pulse was chosen to be long

Figure 2. Illustration of the experimental arrangement used for the X-ray diffraction studies. (a) Shows the positions of the laser
and photodetector used to measure the electro-optic response of the cell, and the white light source and camera used to monitor the
texture of the cell in situ. This arrangement is very useful as it is necessary for the cell to be just above the SmA*–SmC* phase
transition in order for the electroclinic effect to be observed. (b) Shows in detail the Bragg geometry used: the cell is rocked about an
axis that is normal to both the incident X-ray beam and the rubbing direction (i.e. into the page). For each angle, the X-ray
scattering pattern is recorded by a 2D detector.

Figure 3. Comparison of the electro-optic characteristics of
the electroclinic effect in SCE8 and CS4001. In both cases, the
temperature of the cells is just above the SmA*–SmC* phase
transition, and the rubbing direction is aligned at an angleof
22.5u to one of a pair of crossed polarizers. The change in the
transmission of the cells (as compared with that at zero volts)
through crossed polarizers is plotted as a function of voltage,
where the applied waveform is a triangular wave offrequency
250 Hz and 10 V amplitude.
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enough in order to saturate the electroclinic tilt angle

and allow for any vertical layer deformation, yet short

enough so that plastic irreversible processes (such as the

permanent formation of horizontal chevrons) should

not occur. Indeed, on application of such a waveform in

the laboratory no needle defects were observed,

confirming that no permanent horizontal chevron

structure has formed. The long rest between pulses

was allowed in case the relaxation of the director and

layers back to the unperturbed bookshelf SmA* phase

took longer than the ‘switch-on’ process: this was later

found not to be the case. Data were collected over a

range of rocking angles (see figure 2), at least 215u to

+15u in 0.5u steps. In order to build up good counting

statistics from the thin cells, data were gathered over

2 000–4 000 cycles of the waveform, corresponding to 1–

2 s of data for each of the 500 ms bins.

3. Results

The results of the experiment on an SCE8 just above the

SmA*–SmC* phase transition are shown in figure 5:

(a), (b), (c) and (d) correspond to data bins 1–4,

respectively, i.e. 0 V, +20 V, 220 V and 0 V applied. The

contour plots show the distribution of layer normals

present in the area of the device probed by the X-ray

beam. The angles c and d represent the twist and tilt of

the layer normal, respectively, as illustrated in figure 6.

The method of reducing the scattering data to layer

normal distributions is reported elsewhere [16].

Figure 6 (a) shows that at 0 V the layer normal

distribution peaks at d50, c590u, meaning that the

layers form a bookshelf structure with the layers

oriented perpendicular to the rubbing direction. The

data for bin 4, the 8.5 ms rest period at 0 V, show a

similar result. Figures 6 (b) and 6 (c) show that subse-

quent application of a 20 V bipolar pulse across the cell

causes some layer movement, with a peak present at

d<+4.5u. This suggests a tilting of the layer of 4.5u from

the normal to the cell surface, although if a vertical

chevron structure were present then one would expect a

peak of similar intensity at d<24.5u which is not the

case, notwithstanding a spreading of the central peak

towards negative values of d. It is important to note

that, although the data are not representative of a clear

vertical chevron, there is distinct layer motion, and this

is in the vertical plane, i.e. there is no observed tendency

towards horizontal chevron formation on this timescale,

as anticipated. This vertcial layer motion, or tilt, was

observed to be highly temperature dependent. The same

experiment, repeated 3 degrees higher in temperature

showed no observable influence from the applied field,

the layer normal distribution remaining strongly peaked

at d50, c590u, i.e. the much reduced electroclinic effect

at this temperature does not cause the layers to move

out of the bookshelf configuration.

Figure 7 shows an equivalent set of results for a

CS4001 filled cell at a temperature just above the

SmA*–SmC* phase transition. Figure 7 (a) shows that

at 0 V, the layer structure of the AFLC cell is a ‘random

bookshelf’ structure — that is, the layers are perpendi-

cular to the surfaces (hence d50) — but that they are

widely distributed (up to about ¡30u) about the

rubbing direction (c590u). However, here the dynamic

formation of a vertical chevron is clearly evident in

figures 7 (b) and 7 (c). In this case, it is apparent that

Figure 4. Illustration of the waveform applied to the liquid
crystal devices: a bipolar pulse of 20 V amplitude and 500 ms
duration (for each sign) is applied every 10 ms. The X-ray data
aquisition at the 2D detector is synchronized with the
waveform, and is divided into bins, so that the layer structure
with the voltage on can be compared with the layer structure
with the voltage off. (a), (b) Show the slightly different binning
used for the SCE8 and CS4001 devices, respectively.
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although some of the device remains in the bookshelf

structure, a significant proportion forms a chevron

structure, shown by the peaks at d5¡2.5u. (We

hypothesise that the regions which remain in the

bookshelf configuration are the defect regions between

domains of uniform later orientation, which are less free

to move than those layers inside a well aligned domain).

Figure 7 (d) shows the data gathered in the 500 ms

period immediately after the bipolar pulse. It is

interesting to note that the layer normal distribtion

seems to be entirely bookshelf again, within an

extremely short time. It appears that the layers are

tilting (and ‘re-bookshelfing’) on a timescale compar-

able with the electroclinic effect itself, as originally

hypothesized.

For comparison of the two materials, figure 8 shows

cross-sections taken through the voltage-on contour

plots at c590u, for both materials. Whereas for SCE8

the dynamic layer redistribution is relatively subtle, the

formation of a vertical chevron structure in some parts

(a) (b)

(c) (d )

Figure 5. Comparison of the experimental results for the SCE8 cell just above the SmA*–SmC* phase transition for (a) bin 1: 0 V
for 500 ms, (b) bin 2: +20 V for 500 ms, (c) bin 3: 220 V for 500 ms, (d) bin 4: 0 V for 8.5 ms. The axes of the plots are illustrated in
figure 6, and the colour bars shown in the centre of the figure show the order of the false colours used on the logarithmic contour
plots.

Figure 6. Illustration of the meaning of the angles d and c
used in the description of the smectic layer normal distribu-
tion. d is the tilt of the layers away from the bookshelf
configuration, and the twist angle c is defined to be 90u when
the layer normal is aligned with the rubbing direction.
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of the device is very clearly indictated by the three

separate peaks in the data for CS4001. We conclude

that the effect is more evident in CS4001 compared with

SCE8 because the strength of the electroclinic effect is

much greater in the AFLC material, probably due to

the much higher spontaneous polarization.

4. Conclusion

The results presented here show a dynamic vertical

chevron formation during electric field application in

planar aligned devices filled with two different types
of liquid crystal material, FLC SCE8 and AFLC

CS4001. This reversible layer rotation occurs on a

sub-millisecond timescale, and relaxes back to the

bookshelf configuration within a few milliseconds.

Further, we note that for CS4001, the re-bookshelfing

occurs on a similar timescale to the chevron formation,

i.e. sub-millisecond. It is therefore clear that, when the

applied voltage pulses are sufficiently short, there is not
insuffi time for horizontal chevron formation; the layer

packing density is conserved during electroclinic switch-

ing via vertical chevron formation.
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