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Elasticity and the electroclinic e� ect at the SmA± SmC

phase transition

STEVE M. BELDON* and STEVE J. ELSTON
Department of Engineering Science, University of Oxford, Parks Road,

Oxford OX1 3PJ, UK

(Received 20 May 1998; accepted 10 August 1998 )

The electroclinic e� ect has been investigated around the smectic A± smectic C phase transition
in the materials SCE8 and SCE13. Attempts have been made to model this e� ect using the
Landau± de Gennes mean ® eld theory. Experiments carried out with low applied electric ® eld
at the transition show problems with this model, and we suggest the inclusion of elastic
energy to describe the behaviour in this regime. The results indicate that the elastic term is
important, and provides a fuller description of the electroclinic behaviour near the transition
temperature.

1. Introduction Here we consider the Landau± de Gennes mean ® eld
theory (including terms up to the sixth order), at andThe electroclinic e� ect was ® rst studied by Garo� and

Meyer [1] in 1977. The e� ect occurs in a smectic A around the smectic A± smectic C transition temperature
for varying ® eld strengths. We use the materials SCE8liquid crystal, at a temperature close to the smectic A

to smectic C* phase transition, when an electric ® eld and SCE13. Comparison between theory and experiment
indicates that the basic mean ® eld theory does notis applied perpendicular to the molecular axis. Then

the symmetry of the smectic A phase is broken and a explain fully the behaviour of the liquid crystal close to
the SmA± SmC phase transition. This is especially so attilt (perpendicular to the applied ® eld) is induced in

the molecular axis. Garo� and Meyer explained that the the transition temperature, where for small ® elds a cube
root dependence in tilt with E is expected from thepermanent dipole associated with each molecule aligns

with the applied ® eld, and that the tilt is coupled to this model, but not observed experimentally. We suggest that
the theory requires the inclusion of elastic energy dueas in the smectic C* phase. They were therefore able to

model the process using a Landau type expansion for to structure deformation.
the smectic A to smectic C* phase transition, together

2. Experimentalwith additional terms for the interaction with the
The test cells used here are 3 mm thick parallel aligned,applied ® eld.

rubbed, polyimide devices, ® lled with either the materialInitially a linear relationship between the tilt angle
SCE8 or SCE13. To measure the electroclinic response,and the ® eld strength was observed, with the tilt angle
we use the classical method of placing the cell betweenrising rapidly near the phase transition [1]. However,
crossed polarizers, illuminating with a laser (here operatingas materials with higher electroclinic e� ect were manu-
at 670 nm), and rotating the liquid crystal until thefactured, so a non-linear e� ect was observed at higher
average molecular director (or optic axis) in the SmA® elds and at temperatures very close to the transition.
phase (with zero ® eld) is at 22.5 degrees to the polarizerThis meant that the original Landau theory used by
axis, thereby maximizing the sensitivity of the trans-Garo� and Meyer had to be extended in order to allow
mission to changes in tilt angle. A square wave is appliedfor this e� ect [2]. Work has also been carried out to
to the liquid crystal device, the positive and negativestrengthen this model, with analysis of the dynamics of
polarity pulses inducing a tilt in the director in oppositethe molecular tilt [3± 5] and temperature dependence
directions. This leads to a change in the transmissionof the Landau coe� cients for chiral interactions [6].
corresponding to variation in the tilt angle and theDynamic work carried out by Kimura et al. also includes
optical anisotropy of the material. Often any changes insurface interactions with the Landau theory [5].
the optical anisotropy are ignored in this method.
However it is quite easy to correct for any such changes
which may take place by calculating the tilt angle from*Author for correspondence.

Journal of L iquid Crystals ISSN 0267-8292 print/ISSN 1366-5855 online Ñ 1999 Taylor & Francis Ltd
http://www.tandf.co.uk/JNLS/ lct.htm

http://www.taylorandfrancis.com/JNLS/ lct.htm

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



144 S. M. Beldon and S. J. Elston

the following equation: Now if we assume the above approximations of
polarization linearly dependent on h and a small temper-
ature range, then minimizing the Gibbs free energyh=

1

4
sin Õ

1 AT + Õ T Õ
T0 +DT B (1)

with respect to h, and reformulating the resulting
equation, we obtain the following relationship betweenwhere h is the induced tilt angle, T + and T Õ are the
h, DT = T Õ T

*
ac , and the voltage V applied to a liquidtransmissions with applied voltage pulses of positive and

crystal cell of thickness d :negative polarity, and T0 is the transmission when no
® eld is applied. DT is the change in maximum trans- DT h+Bh

3 +Ch
5 Õ qV = 0 (7)

mission due to any variation in optical anisotropy which
wheremay take place, and is given by the equation:

DT = (T + Õ T0 )+ (T Õ Õ T0 ). (2) B =
b*

a
, C =

c*

a
, q =

P 0

ad
(8)

In principle this formulation allows changes in the
Solutions to equation (7) are shown in ® gure 1, usingoptical anisotropy to be determined (as well as the

typical coe� cients taken from the literature [9]. Thisinduced tilt angle). For the materials studied here how-
shows clearly the change of the transition from discreteever, such e� ects appear to be minimal, although others
second order to continuous when a ® eld is applied, andhave recently noted that large optical anisotropy changes
shows the commonly accepted electroclinic e� ect. Usingcan take place for the electroclinic e� ect in some
equation (7) to model the electroclinic e� ect makes thematerials [7].
assumption that h is uniform over the thickness of
the liquid crystal layer. This is equivalent to saying that3. Results and discussion

either there is no surface anchoring present, or that h isThe Gibbs free energy density (generalized Landau
in a saturation regime with any variation taking placemodel [8]) of a chiral smectic material in the presence
in thin boundary layers. We will discuss this issue later.of an electric-® eld E can be written as [6]:

From equation (7) we can obtain approximations
for temperature regimes well above, at the SmA± SmCg = g0 +

a*

2
h

2 +
b*

4
h

4 +
c*

6
h

6 Õ PE (3)
transition, and also well below the transition.

where g0 is the contribution to the free energy from the
undisturbed smectic A liquid crystal, P is the total
polarization, and a* , b* , and c* are chiral L andau
coe� cients introduced by Giesselmann and Zugenmaier
[6]. These coe� cients are given by:

a* = a Õ
A

2
1

x0 T
2 = a(T Õ Tac ) Õ

A
2
1

x0 T
2 . a(T Õ T

*
ac ) (4)

b* = b Õ
2A

2
1 A 2

x0 T
3 (5)

c* = c Õ
3A

2
1 A

2
2

x0 T
4 . (6)

The coe� cients a , b , and c are the standard mean
® eld or Landau coe� cients, while A 1 and A 2 are
coupling constants related to dipolar and quadrupolar
ordering, respectively. The constant A 2 vanishes when
the polarisation P = P0 h (i.e. P is linearly dependent on
the induced tilt angle h), which leads to b*= b and c*= c.
Giesselmann and Zugenmaier [6] showed that this was
true for tilt angles up to around 0.24 radians or 14
degrees. Over a few Kelvin at absolute temperatures of
several hundred K we would expect A

2
1 /x0 T

2 to be small
Figure 1. Typical electroclinic behaviour through the

and approximately constant; therefore it can be assumed SmA± SmC transition, with various applied voltages: deter-
that a* . a(T Õ T

*
ac ), with an e� ective SmA± SmC* phase mined using equation (7) with typical values for the

Landau coe� cients B and C .transition temperature, T
*
ac (where T

*
ac>Tac ).
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145Elasticity and the electroclinic e� ect

(i ) At temperatures much greater than the transition
temperature, the induced tilt angle is expected to
be small; therefore the higher order terms in h

can be neglected, leading to:

h=
qV

DT
. (9)

This is the classical linear electroclinic e� ect as pre-
sented by Garo� and Meyer [1]. The assumption
made in this approximation is that h% (DT /B )1/2.

(ii ) At the transition T = T
*
ac the ® rst term in equation

(7) disappears. The result then rearranges to give:

qV = h
3
(B +Ch

2
) (10)

and for small h, i.e. h% (B /C )1/2 :

h= AqV

B B
1/3

(11)

This equation clearly shows that at the transition,
for low voltages, the Landau± de Gennes model
leads to a cube root dependence between the tilt
angle and the applied voltage.

(iii) Below the transition, we can substitute h= he+d

in equation (7), where he is the tilt angle in the
smectic C phase with no applied ® eld, and d is
the change in h due to the electroclinic e� ect
when a ® eld is applied. This leads to an expression
for he and an approximation for the electroclinic
tilt angle d. Assuming that d is small (d %he /2),
and neglecting all higher order terms in d we
have:

h
2
e =

Õ B + (B
2 Õ 4DT C )

1/2

2C
(12)

d =
qV

Õ 4DT Õ 2Bh
2
e

(13)

or

d =
qV

Õ 2DT +2Ch
4
e

. (14)

Solutions to equations (9± 14) are illustrated in
® gure 2, and are compared with numerical solutions for
equation (7) (at DT # Õ 2ß , DT = 0ß , and DT # 2ß ).
Again, all solutions use typical coe� cients taken from

Figure 2. The director tilt angle as a function of applied
voltage corresponding to the approximations (solid
lines) given in equations (9± 14) in the three regimes
(a) T & T

*
ac , (b) T = T

*
ac , (c) T %T

*
ac ; also a comparison

with numerical solutions (dotted lines) using equation (7)
(B = 90 K, C = 5000 K, q = 0.0035 K VÕ

1 ).

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



146 S. M. Beldon and S. J. Elston

the literature. Figure 2 shows each relation within a the director con® guration must take a form consistent
regime of valid approximation, and the errors are seen with this [11], leading to a reduced average tilt for low
to be reasonable. voltages, saturating at higher ® elds. We can therefore

We now compare the behaviour of the electroclinic suggest that once the director rotation around the cone
e� ect predicted by the Landau model of equation (7) saturates, the Landau theory will describe the average
(and the approximations discussed above) with experi- optic axial tilt angle approximately. The s̀aturation
mental data obtained for the liquid crystal SCE8. Data voltage’ required for this convergence would be expected
taken for an SCE8 ® lled cell are shown in ® gure 3 as to increase with decreasing temperature in the smectic
the set of discrete points. These show how the tilt varies C phase.
with temperature for a range of applied voltages. We Experimental work carried out on SCE8 in the three
would expect from the theory curves illustrated in ® gure 1 regimes of the approximations, namely well above the
that at temperatures below T = T

*
ac the electroclinic transition, at the transition, and well below the transition

e� ect should diminish and the data should converge on reveal data as shown in ® gure 4. At a temperature
h= he (T ); this can also be seen from equations (12± 14). around 2ß above the transition (DT # 2ß ), equation (9)
However the experimental data of ® gure 3 do not show implies that h(V ) should be linear over a large voltage
this; the tilt angle below the transition at low voltages range, which agrees well with the experimental data of
is signi® cantly less than we might expect. If we look to ® gure 4 (a). The slope of the linear regime leads to a
the generalized Landau model of equation (3) we ® nd it value for the parameter q of q = 0.0035 K VÕ

1.
assumes a bookshelf type geometry, which is a reason- At the transition, where a cube root dependence
able assumption in the smectic A phase. However in the should exist at low voltages, the data show a dependence
smectic C phase we would expect a chevron structure of tilt on voltage with much less curvature than we
to form where the director is anchored at the surfaces would expect, see ® gure 4 (b). This latter point is a strong
of the cell and also at the centre of the cell. This chevron indication that there are problems with the present
structure has been shown to form a permanent quasi- Landau model very close to the SmA± SmC phase
bookshelf structure when a high a.c. ® eld is applied transition. Clearly the induced tilt rises much less quickly
[10], but a permanent structure change is not observed than the suggested cube root behaviour for low voltages.
here. It is more likely that a signi® cant change in the This indicates that the Landau model needs to be
smectic layer structure is not taking place and therefore extended in a way which will limit the reorientation near

to the phase transition temperatureÐ this is discussed
further below.

For DT # Õ 2ß the experimental data, shown in
® gure 4 (c), indicate that for V & 5 V the tilt angle change
is signi® cantÐ it can therefore be assumed that in this
regime saturation of reorientation in the chevron structure
has not been reached. Applying equations (12± 14) to
the experimental results for V * 5 V, we ® nd that
B . 120 K and C . Õ 1400 K. The negative value of C

does not agree at all with values obtained in other work
(see the table), and we therefore conclude that the model
of equation (7) does not describe the behaviour below
the smectic A± smectic C* phase transition. Again this
may be because it ignores the presence of the chevron
structure.

As noted above, we need to limit the reorientation
near to T = T

*
ac . We can achieve this by including a

term associated with the elastic deformation which may
accompany the electroclinic e� ect and therefore not
make the assumptionÐ implicit in equation (7)Ð that
the reorientation is uniform over the thickness of the

Figure 3. Plots of h(T ) through the SmA± SmC* transition cell. Such a term has been considered before in describing
for several applied voltages. Discrete points show experi- the dynamics of the e� ect [4, 5], but the in¯ uence onmental data from work carried out on SCE8. The lines

the reorientation close to the phase transition was notshow theoretical results using equation (17) with values
for the coe� cients as given in the table (SCE8 with K ). considered.
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147Elasticity and the electroclinic e� ect

The elastic free energy term which is required is given
by

gelas =
K

2 Aqh

qz B
2

. (15)

Therefore the Landau free energy after the inclusion of
the elastic free energy term is:

g = g0 +
a*

2
h

2 +
b*

4
h

4 +
c*

5
h

6 +
K

2 A qh

qz B
2

Õ PE

(16)

where z is the direction perpendicular to the surface of
the cell (and is chosen to be zero at the centre of the
liquid crystal layer). Making the same approximations
and substitutions made in deriving equation (7) and
minimizing the free energy with respect to h gives:

DT h+Bh
3 +Ch

5 Õ
K

a A q2
h

qz
2 B Õ qV = 0. (17)

The approximation for well above the phase transition
is now dependent upon z, with h(z ) given by:

h(z )=
qV

DT G1 Õ

coshC A DT

K /aB
1/2

zD
coshC A DT

K /aB
1/2

d

2 D H (18)

where d is the thickness of the liquid crystal cell. The
boundary conditions applied assume in® nite surface
anchoring, and therefore h= 0ß at the surfaces of the cell
where z = Õ d / 2 and z = d / 2 . Integrating equation (18)
leads to a modi® ed equation for hav (V ) given by:

hav =
qV

DT G1 Õ
2

d AK /a

DT B
1/2

tanhC A DT

K /aB
1/2

dD H.

(19)

Therefore we can see that although the addition of
the elastic term leads to a cosh-like solution for h(z ),
the average tilt angle which would be observed is still
linearly dependent on V , with only a small temperature
dependent term reducing the gradient of the linear
dependence. In order to illustrate this graphically, we
use a relaxation solution to solve equation (17) (and
estimated parameters) and obtain director pro® les as
shown in ® gure 5. The dashed lines show solutions for

Figure 4. Demonstration of the analytical approximations
applied to the corresponding experimental data for
(a) DT # 2 K (0 � 20 V, 0ß � 2.5 ß ), (b) DT = 0 K (0 � 1 V,
0ß � 2.5 ß ), and (c) DT # Õ 2 K (0 � 20 V, 0ß � 12ß ).
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148 S. M. Beldon and S. J. Elston

Table. Parameters determined here (bold type) listed together with those obtained by others.

Material q /K VÕ
1 Ö 10Õ

3
B /K C /K K /a/m2 K Ö 10Õ

15

SCE8
a 3.5 120 Õ 1400 Ð

SCE8 (no K ) 3.08 15.5 1393.3 Ð
SCE8 (with K ) 3.51 26.0 702.9 17.9
SCE8 thickb Ð 96 6000 2.9
SCE8 thinb Ð 87 3625 2.6
SCE13 (no K ) 9.39 71.1 498.3 Ð
SCE13 (with K ) 10.7 56.6 502.2 61.2
SCE13 (A)b Ð 59 240 0.28
SCE13 (B)b Ð 27 133 0.85
SCE13c Ð 95 500 Ð

a Parameters determined using equations (9), (13), and (14).
b From [9], using free-standing ® lms technique.
c From [12], using the Half Leaky Guided Mode (HLGM) technique.

perform a least squares ® t on the data taken for the
SCE8 cell with B , C , q , and also K (the elastic constant
we have now introduced) as the free parameters. We
simultaneously ® t three sets of data: data taken at 20 V
over a 4ß temperature range around the SmA± SmC*
transition; data at T = T

*
ac for voltages up to 1 V; and

data at DT # 2ß . The solid lines in ® gure 3 show the
results of this procedure, where we have assumed that
the experimentally determined tilt angle is hav . For
comparison we also ® t the data using the model of
equation (7) with B , C , and q as the free parameters.
For this second ® t, we ignore data for low V near the
transition, because this regime is most in¯ uenced by K Ð
and therefore does not compare well with the model of
equation (7). The resulting parameters from both ® ts
are given in the table, and both sets give good agreement
with the experimental data at high V , which we would
expect, as in this regime elasticity is less important. WeFigure 5. Theoretical director pro® le through the cell after
also compare directly the results from both least squaresintroduction of the elastic term (K /a= 2.7) with increasing

voltage at T = T
*
ac and DT # 2ß . The applied voltages for ® ts and the experimental data, in the regime of low V

T = T
*
ac (solid lines) are 0.04, 0.12, 0.2, 0.6, and 1.0 V, and at T = T

*
ac . This comparison is illustrated in ® gure 6,

for DT # 2ß (dashed lines) are 4, 8, 12, 16, and 20 V. where we have again assumed that the experimentally
determined tilt angle is hav . As can be seen, the Landau

h(z ) at DT # 2 K showing a relatively unchanged director model with the addition of the elasticity provides
pro® le through the cell as voltage increases. excellent agreement between theory and experiment,

The regime of greatest interest is at the phase transition limiting the reorientation at the transition in a similar
where the use of equation (11) has dictated a cube root way to that seen in the data presented here. Similar
dependence between tilt and applied ® eld at low voltages. analysis was undertaken for the material SCE13, with
The solid lines in ® gure 5 are pro® les for h(z ) at the theory again requiring elasticity in order to limit the
T = T

*
ac . This shows how the introduction of the elastic reorientation at the transition and be in agreement with

constant leads to a voltage dependent pro® le for h(z ), experiment. These results are also given in the table for
which at low voltages is broadly curved across the both the basic Landau model and the model with the
cell, thereby reducing the average director tilt angle, inclusion of the elasticity. Additionally comparison is
hav (V ), which is what we require in order to explain the made with results on SCE8 and SCE13 from other
experimental results at the transition. work [9, 12].

Using the model of equation (17), it is di� cult to The results in the table show clearly that the in¯ uence
develop analytical approximations at T = T

*
ac and for of the elasticity is large when considering the electroclinic

e� ect at the smectic A± smectic C transition. ComparingT %T
*
ac , therefore in order to test this approach we
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149Elasticity and the electroclinic e� ect

for applied voltages of & 1 V. We have shown that the
elastic deformation energy is a necessary addition to the
model, with the contribution in this regime shown to be
large. The Landau model with the addition of the elastic
deformation energy presented here therefore provides a
fuller description of the electroclinic behaviour near the
transition.

Despite the success of including the deformation
energy as an extension to the Landau model, it does not
provide a description of the formation of the chevron
structure through the phase transition, and thus cannot
explain e� ects for T <T

*
ac . We have also noted that the

layer stresses resulting from the electroclinic e� ect appear
to lead to a large e� ective elastic constant. In future
work we intend to address these issues.

The authors wish to acknowledge the ® nancial support
of the EPSRC, and also Sharp Laboratories of Europe
Ltd (SLE), Oxford, for providing a CASE award and
the test devices used in this work. We would also like

Figure 6. Experimental data for SCE8 (shown as discrete to acknowledge useful discussions with M. J. Towler
points) with low applied voltages at T = T

*
ac and equivalent

and P. A. Gass.theoretical plots showing the e� ect of the introduction of
the elastic term (dotted lineÐ no K ; solid lineÐ with K ).
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