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Smectic-A Fréedericksz transition

Steve J. Elston
Department of Engineering Science, University of Oxford, Parks Road, Oxford OX1 3PJ, United Kingdom

~Received 13 March 1998!

In the smecticA phase at a temperature near the smectic-A to smectic-C point a field induced Freedericksz
transition is predicted to exist by this work. This transition can occur due to the possibility of induced
molecular tilt accompanied by smectic layer distortion. The existence of the transition is confirmed experi-
mentally. Temperature dependence of the transition voltage is predicted, and also confirmed experimentally.
Further, the influence of finite surface tilt on the transition is considered.@S1063-651X~98!51308-6#

PACS number~s!: 64.70.Md
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The smectic-A phase of liquid crystal material has bo
orientational and positional ordering@1#. Orientational order
is similar to that in the nematic phase, and allows the d
nition of a directorn as the average molecular long ax
Positional order consists of layering of the molecules, w
the layer normal in then direction and the pitch of the lay
ering being approximately equal to the molecular length.

It is well known that in the aligned nematic phase a fie
induced orientational transition can take place. If a nem
liquid crystal sample is placed between bounding plates
induce parallel alignment of the liquid crystal director, then
so called homogeneously aligned liquid crystal layer will
formed. Provided the dielectric anisotropy of the liquid cry
tal material is positive then application of a field~electric!
normal to the bounding plates will then tend to reorient
the director to be parallel with the field, and thus perpendi
lar to the bounding plates, if the director is anchored at
surfaces then a distorted state will be formed. This orien
tional transition is termed the Freedericksz transition@2#, and
if the field is provided by a voltage applied across the bou
ing plates it takes place above a critical threshold given

Vth5pA~K/«0D«!,

whereK is the elastic constant andD« is the relative dielec-
tric anisotropy of the nematic liquid crystal material.

In the smectic-A phase it is normally accepted that such
transition cannot be observed@3#. Again starting with a ho-
mogeneously aligned sample with the director parallel
bounding plates there will now be smectic layering prese
with the layer normal parallel to the surfaces also. If a fie
which tends to reorientate the director is applied across s
a sample no elastic distortion should take place. This is
cause there is no reorientation profile that can retain the
terlayer spacing and packing structure of the smectic la
ing. Thus, no reorientation is seen until a threshold
plastic distortion is reached@4#. This results in permanen
reorientation of the layering through defect formation whi
can only be recovered by thermal annealing of the sampl
the nematic phase. It appears therefore that no smecA
Freedericksz transition with an elastic distortion analogou
that in the nematic phase is observable.

Near the smectic-A to smectic-C phase transition poin
however tilt can occur in the smectic-A phase, accompanie
by smectic layer shrinkage. For example, physical comp
PRE 581063-651X/98/58~2!/1215~3!/$15.00
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sion of the smectic layering can induce a tilt@5#. A similar
process also takes place across the smectic-A to smectic-C
phase transition, and in homogeneously aligned samples
erally results in the formation of a kinked~or chevron! struc-
ture in the smectic layering. The occurrence of this allo
retention of the layer packing formed in the smectic-A phase
together with molecular tilt relative to the smectic layer no
mal. Generally this tilt is in the opposite direction from th
layer tilt direction, resulting in approximate retention of th
homogeneous alignment. However, under field application
the smectic-C phase, for materials with positive dielectr
anisotropy, the director can reorientate so that the tilts ar
the same direction@6#, and the resulting director tilt is the
sum of the layer tilt angle and the tilt of the director relati
to the layer normal. Given that near the smectic-A to
smectic-C transition point layer compression can induce t
it should also be possible to induce this state through fi
application to a homogeneously aligned sample in
smectic-A phase just above the transition to the smecticC
phase. An applied field would then tend to induce director
through the same mechanisms of layer shrinkage and
Thus, we would expect a smectic-A Freedericksz transition
to exist near the smectic-A to smectic-C transition point.

In order to predict the voltage threshold of this transiti
we assume that the internal energy density of the sample
the smectic-A to smectic-C transition can be expressed as

f 5
a

2
u21

b

4
u41

K

2 S dx

dzD
2

2
1

2
«0D«E2x2,

where u is the induced molecular tilt relative to the laye
normal,a and b are Landau coefficients,x is the tilt of the
director relative to the sample boundaries,K is an elastic
constant,z is the direction normal to the surfaces,D« is the
~positive! relative dielectric anisotropy, andE is the internal
electric field. It is assumed that near the transition the dir
tor tilt is small and therefore small angle approximatio
have been used in the above equation. In order to solve
it is necessary to relate the director tilt relative to the lay
normal to the director tilt relative to the sample boundar
~i.e., to relateu andx!. This is done through the approxima
tion d'cu, whered is the layer tilt angle andc is a constant
of proportionality, typically around 0.9@7#. As the layer tilt
and director tilt are expected to be in the same direction~i.e.,
to add together! the total director tilt can be written a
R1215 © 1998 The American Physical Society
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x'(11c)u. Taking this together with the above equatio
allows an Euler-Lagrange equation inx to be derived as

a~T2TAC!

~11c!2
x1

b

~11c!4
x31K

d2x

dz2
2«0D«E2x50,

where the coefficienta in the Landau terms has been writte
in its temperature dependent form. On field application i
expected that the lowest mode of distortion will have nod
at the surfaces and a node in the center of the sample. Th
in order to be consistent with the retention of smectic la
packing and formation of a kinked structure, analogous
the chevron structure@7#, as discussed above. Thus, lookin
for solutions of the above equation in the for
x5x0 sin(2pz/d), whered is the device thickness, allows th
determination of a critical, or threshold, voltage for t
smectic-A Freedericksz transition~SAFT! as

VSAFT5
1

A«0D«
H 4p2K1a~T2TAC!

d2

~11c!2J 1/2

.

There are a couple of interesting points to notice in t
expression:

~i! At the smectic-A to smectic-C phase transition tem
perature the expression simplifies to one very similar to t
for the nematic case, but with a threshold voltage of tw
that for the nematic Freedericksz transition. This is also
same as the value obtained by Kedney and Stewart for
lowest order sin mode of layer deformation in a smecticC
phase@8#.

~ii ! The threshold voltage squared is linear in temperatu
In order to test the above theory an experiment is p

formed to study the smectic-A Freedericksz transition. A par
allel aligned low pretilt homogeneous test cell of around

FIG. 1. Threshold voltage squared as a function of tempera
~measured from the smectic-A to smectic-C transition point!. Data
are shown as points, together with two straight line fits with
break point atT2TAC50 °C.
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mm thickness is filled with the liquid crystal material 8S̄5.
This material has nematic, smectic-A, and smectic-C phases,
and also has positive dielectric anisotropy. The test cel
placed between crossed polarizers, in a temperature
trolled environment, and the transmission observed dur
field application.

First, the Freedericksz transition in the nematic phase
investigated, at very low frequency. Recording the thresh
voltage for this at a number of temperatures, and extrapo
ing to the smectic-A to smectic-C phase transition tempera
ture gives a value of 8.560.5 V at T5TAC . It was noted
above that the smecticA Freedericksz transition threshold
the smectic-A to smectic-C transition point is expected to b
twice the nematic value, i.e., this predicts a threshold volt
of 17.061.0 V atT5TAC .

The smectic-A Freedericksz transition threshold is dete
mined by applying a low frequency triangular wave to t
device, increasing the amplitude of this until a response
observed at the peaks, and then extrapolating this resp
back to the background level to define the threshold. Thi
analogous to the technique commonly used for measu
the threshold in nematic devices.

Results are plotted in Fig. 1 in the form ofVSAFT
2 against

T2TAC . Two regions are observed:
~i! Below TAC ~for a range of 0.5° at least! the threshold is

approximately constant, remaining at the value at the ph
transition of 1661 V. This gives a parameter value o
4p2K/(«0D«)5256633 V2. The threshold at the transitio
temperature is very close to the value predicted by extra
lation from the nematic phase Freedericksz transition,
confirms the existence of a node in the center of the dev
due to the smectic layer packing constraints. It is believ
that the threshold remains approximately at this value in

re

FIG. 2. Voltage-dependent behavior of the response~average tilt
for theory and transmission change in arbitrary units for the exp
ment! around the smectic-A Freedericksz transition. The smoot
lines are the theory and the noisy lines are the data. Results
shown ~from left to right! at T2TAC50°, T2TAC50.2°, andT
2TAC50.5 °C.
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smectic-C phase because a mode of reorientation is n
available through the Goldstone mode only. This involv
elastic distortion and no layer perturbation. At the pha
transition point the dominant terms~i.e., those which deter
mine the threshold! in the above Euler-Lagrange equatio
also contain only the terms for director distortion. The co
sequence of this is that the threshold remains constant in
smectic-C phase close toTAC .

~ii ! Above the phase transition temperature the thresh
voltage squared increases linearly with temperature. Th
as predicted above, and the slope givesad2/@«0D«(1
1c)2#513336133 V2/°. Dividing this by the parameter de
termined above, and putting in typical values forK and c
leads toa'1850 Nm22/°.

In practice the threshold is not sharp, especially near
smectic-A to smectic-C transition temperature. This is mo
likely to be due to finite surface pretilt in the device, whic
leads to a similar effect in the nematic Freedericksz tra
tion. In order to investigate this, the Euler-Lagrange equa
given above is solved numerically in the regime of t
smectic-A Freedericksz transition, including a surface pre
of '1° in the calculations. Experimentally, for small pertu
bations in tilt the expected optical response is proportiona
the average tilt of the director in the device. These are co
t.
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pared in Fig. 2, where a modified coefficient
4p2K/(«0D«)5320636 V2, and an arbitrary scaling on th
vertical axis are used. Clearly the comparison is very go
and confirms that the lack of sharpness~or rounding! at the
threshold is due to a finite surface pre-tilt. Additionally the
is a change in the parameter value due to surface tilt m
fication of the threshold voltage.

In summary, a smectic-A Freedericksz transition has bee
predicted to exist near the smectic-A to smectic-C phase tran-
sition point. A simple theory based on the need to ret
smectic layer packing has allowed the variation with te
perature of the threshold voltage for this transition to be
termined. Comparison of these predictions with experim
has shown the correct threshold voltage at the smectic-A to
smectic-C transition point, and the correct behavior wi
temperature. Additionally softening or rounding of th
threshold has been shown to be due to surface pretilt, wh
also shifts the threshold voltage at the smectic-A to
smectic-C transition point by around 10%.
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