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Linear Electroclinic Effect in a Chiral Nematic Liquid Crystal
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A tilt 0 of the optic axis linear in transverse electric field was observed in a surface-stabilized chira1
nematic liquid crystal. The electroclinic constant dO/dE was found to exhibit significant pretransitional
behavior on approaching the nematic-smectic-3 transition temperature from above. A simple theoreti-
cal discussion involving coupled order parameters is presented.

PACS numbers: 61.30.Cz, 61.30.Eb

In 1977 GaroA' and Meyer demonstrated the existence
of an electroclinic efTect above the smectic-A-smectic-
C* transition in liquid crystals containing chiral mole-
cules. ' An electric field F is applied in the plane of the
smectic layers, coupling to the molecular dipole moment.
If the molecules lack inversion symmetry, a nonzero
molecular tilt angle 0 obtains, such that 0 tx' E. Al-
though this efTect was first studied in the weakly polariz-
able material e-(n-decyloxy-benzylidene)-p'-amino-(2-
methylbutyl)cinnamate (DOBAMBC), recent work has
centered on more highly polar materials, resulting in

enhanced electroclinic constants. ' In addition, the elec-
troclinic eAect was recently observed in other smectic
phases, including the smectic-8 and smectic-E phases.
In all these cases, smectic symmetry is present, and a tilt
proportional to the electric field can be observed. In gen-
eral, however, the electroclinic efI'ect requires only that
there be an electric field perpendicular to a unique spe-
cial axis in the material, and thus other phases, particu-
larly the nematic, might also be expected to exhibit such
an efTect. In this paper we report on experimental obser-
vations of an electroclinic eff'ect in a surface-stabilized
chiral nematic, and discuss its origins and consequences
theoretically.

We studied the material SCE12, which was kindly
supplied to us by BDH Ltd. through EM Industries.
The material was used as is. SCE12 is a compensated
mixture with a pitch of many tens of microns over a tem-
perature range several degrees above the nematic-
smectic-A (NA) transition temperature. The material
was inserted between two indium-tin-oxide-coated glass
microscope slides which were treated with the polymer
nylon 6/6 and rubbed to give homogeneous orientation.
Sample spacing was nominally 25 pm, as determined by
the thickness of a pair of Mylar spacers. The sample
was housed in a brass oven, where the temperature was
controlled by a YSI model 72 controller to ~0.015 C.
At the temperatures under investigation (within 10'C of
the NA transition), the pitch is sufficiently large that the
sample unwinds and is totally oriented by the action of
the polymer surface treatment. Finally, in order to in-
vestigate possible magnetic effects, the oven was mount-
ed in the bore of an 8.2-T superconducting magnet with

transverse optical ports„ the magnetic field H was set
parallel to the nematic director along the z axis.

The beam from a He-Ne laser attenuated to approxi-
mately 0.1 mW was incident perpendicular to the sample
along the x axis and polarized at an angle tt/8 from the z
axis in the y-z plane. (Note that the applied E field was
also in the x direction and, given that the dielectric an-
isotropy Ae(0, no Freedericksz transition was present. )
After passing through a crossed polarizer, the beam in-
tensity was measured by means of a photodiode. The
electroclinic eA'ect, which is a tilt 0 of the optic axis in
the y-z plane linear in applied field E„, corresponds to
the introduction of an off-diagonal component t.~. in the
dielectric tensor. When such a tilt occurs, there is a con-
commitant change in the intensity BI at the detector
such that

0=ei„/(e„—eye) =6'I/4Io,

where Io is the beam intensity in the absence of E. An
ac electric field E, at frequency v=2 kHz was applied to
the sample, and the induced intensity change 6I vs E„
was measured at the modulation frequency with a lock-in
amplifier. Io was measured simultaneously with a dc
voltmeter, and the absolute electroclinic constant dO/dE
was obtained with Eq. (1). (It was found that the elec-
troclinic constant is independent of frequency between
250 Hz and 10 kHz; at lower frequencies we observed a
Carr-Helfrich instability. ) Note that if a tilt were to
occur in the x-z plane, 6I to lowest order would scale as
0, and no signal would be observed at the modulation
frequency.

Figure 1 shows the magnitude of 0 versus the magni-
tude of the applied ac electric field at T =81.81'C in the
absence of a magnetic field. As is readily apparent, 0 is
linear in E, analogous to the usual electroclinic eA'ect
found in a number of smectic phases. Data were taken
over a temperature range from 68.37'C (near the
smectic-A-smectic-C* phase transition), through the
NA transition temperature at approximately 81.45 C,
and in the nematic phase up to 89.06 C. Within the
smectic-2 phase, the usual pretransitional divergence
(not shown) was observed near the A-C* transition. '
Within the nematic phase, however, it was found that
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FIG. 1. 0 vs E at T=81.81'C and at frequency v=2 kHz.

dO/dE is quite small far above TNA (being 2 to 3 orders
of magnitude smaller than values of the electroclinic
constant within I'C of the A-C* transition), but that
d8/dE grows substantially on approaching TNA from
above. This behavior is shown in Fig. 2, where several
data points within the smectic-A phase are exhibited to
emphasize the change of slope with temperature at TNA.
From the results in Fig. 2 we deduce that in this material
smectic layering, in this case in the form of smecticPuc-
tuations, is important to the magnitude of the electro-
clinic effect; we will discuss this below.

In order to ascertain whether a magnetic field oriented
parallel to the z axis has any substantive effect, we mea-
sured the electroclinic constant d8/dE vs H up to nearly
8 T at T=83.42 C; the results are shown in Fig. 3. Al-

though a very slight increase was observed at higher
fields, we feel this effect is due to the magnetic field im-

proving the surface-induced alignment, rather than to
any underlying physics. This conclusion is confirmed by
the fact that d8/dE approaches a constant value at high
fields, whereas the change in dO/dE occurs at fields

below 1 T. In this range of fields the magnetic penetra-
tion depth g, the distance over which any surface
misalignment is rotated parallel to H, crosses over from
being larger than to being smaller than the sample spac-
ing. Here & =(Kq2/AgH ) ', where IC22 is a twist elas-
tic constant and Ag is the magnetic susceptibility anisot-
ropy. Thus, a magnetic field does not seem to play an
important role in the electroclinic effect.

We note that if the order parameter were spatially
varying there would be a linear coupling between the

Temperature (C)

FIG. 2. d9/dE vs temperature. Note the change in slope at
the NA phase transition temperature. Error bars are approxi-
mately 5 the diameter of the points.

director and the electric field —the so-called Aexoelectric
effect. However, we have checked the possible Aex-

oelectric terms and find that they are small in our
geometry. Moreover, as discussed above, our large field
would be expected to significantly alter the director if it
were spatially varying. Because the total optical phase
shift of the sample is of order 60m, a Aexoelectric effect
would imply a rapidly varying optical signal as a func-
tion of applied magnetic field, which was not observed.
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FIG. 3. d0/dF. vs magnetic field H, at T =83.42 C.
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Similarly, if the observed phenomenon were actually a
surface eff'ect rather than a bulk electroclinic efI'ect, the
optical signal ~ould also be expected to vary rapidly with
sample thickness, which was not observed either. Final-
ly, in order to verify that the observed eAect indeed re-
quires chiral symmetry, we measured the electroclinic
constant in the nonchiral material methoxybenzylidene
butylaniline (MBBA) in the nematic phase near room
temperature. As is the case with SCE12, this material is
characterized by A|. &0. Within the resolution of our
apparatus (dO/dE —1.5 x 10 ' m/V), no electroclinic
efIect was observed.

In the remainder of the paper we off'er a simple,
heuristic discussion of the nematic electroclinic eff'ect.
This eAect in the nematic phase, as in smectics, can be
viewed as a matter of symmetry. An electric field
(which is a true vector) is applied perpendicular to a spe-
cial axis which is unique in the sample. If the system is
chiral the field will couple linearly to any pseudovector
with the same direction and, in particular, to a molecular
rotation around the axis of the field. The origin of such
a tilt is intuitively easy to understand in the smectic
phases: The layer normal provides a well-defined axis
conceptually distinct from the optic axis. On the other
hand, since the nematic phase is usually described by one
direction only, i.e., the direction along which the long
molecular axis points, it is somewhat more dificult to in-
tuit the nematic electroclinic efIect. Nevertheless, the
efIects are very similar. To understand the electroclinic
efrect in the nematic phase at the level of a macroscopic
or Landau theory, note that it is necessary to use a num-
ber of directions to fully describe the orientation of the
molecule. Consider the two order parameters Q—= (q)
and T= (t), where—

2

J Q ] I Q2J +Q2/Q f J 3 ($gJ Q f n2

and n, J is the jth component of the eth unit vector speci-
fying the direction of the molecule(s) or some portion
thereof (see Fig. 4). Note that ( ) indicates macro-
scopic, thermodynamic averages and that Q is the usual
nematic-order parameter. In an ordinary uniaxial
nematic or smectic phase these order parameters, indeed
all traceless symmetric tensors, are diagonal in the same
frame (codiagonal) with the direction of the diagonal
element having the largest absolute value defining the
special direction, i.e., the nematic "director. " In the
presence of an electric field, however, these tensors need
not and generally will not be codiagonal. It is this
difIerence between the directions described by two
different tensors which makes the electroclinic efrect in a
chiral nematic possible. Mathematically, consider the
additional terms in a Landau free energy

a&ijkEIQik Tij ~Qij Tij + 2 &Tij Tjt
'

FIG. 4. Schematic representation of molecules. Arrows in-
dicate the principle directions of the tensors q and t. For E =0,
both configurations are equally likely and Q and T are codiago-
nal. For EAO, either (a) or (b) is preferred, such that Q
remains unchanged but T is no longer codiagonal with g.

Tij c (bQij 2 (+l&ljkQik+El&likQjk)~ ~ (3)

The fact that T and Q are codiagonal in the absence of a
field is expressed by the term proportional to b, and the
tilt of T relative to Q in the presence of an electric field
is given by the term proportional to a, resulting in off'-

diagonal elements in T. To lowest order the dielectric
tensor is given by

where eo, eg, and eT are constants. Thus from Eq. (1)
we find

dO ~Tyz~ &T l&gQzz + &TTzz &g Qyy &TTyy ~

aFT

CEg+bET

where we have used the convention that all repeated Ro-
man indices are summed over and that e is the totally
antisymmetric Levi-Civita tensor. The term proportional
to a is the chiral term which describes the tendency of
the directors defined by Q and T to differ in the presence
of an electric field; the term proportional to b describes
the tendency of the tensors Q and T to define the same
director, and the coe%cient c is the inverse susceptibility
for the order parameter T. In the presence of an electric
field only, no chiral term is possible involving just one or-
der parameter (Q). This is because the direction of the
polarization is given by the cross product of t~o molecu-
lar directions, e.g. , n~ and n2, whereas a single-order pa-
rameter essentially describes a single molecular direc-
tion. Minimizing the free energy with respect to T, we
find
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It is now interesting to ask how this calculation would
change at the second-order NA transition. Far above
the smectic-C phase, the calculations in the nematic and
smectic-A phases are virtually identical, e.g. , there are
two diAerent tensors which couple to each other through
a term of the form above. The parameters a, b, and c
are determined by the local interactions of neighboring
molecules. Thus they can change with a change in the
local environment, for example, with the local value of
the square of the smectic order parameter (

~ y ~
). Near

the NA critical point, (
~ y~ ) exhibits the same critical

behavior as does the energy, i.e., it has a cusp and its
derivative (proportional to the specific heat) grows
significantly. The specific heat has been measured at
other NA transitions ' and has a behavior consistent
with our data.

It is perhaps surprising that the pretransitional eff'ect
is so large. This implies that layering, while not required
for the existence of the electroclinic eAect, substantially
enhances it. It is reasonable to assume that the parame-
ters in the free energy a, b, and c, and not their inverses,
are smooth functions of (~ y~ ). As the pretransitional
effect is very large, if the increase in do/dE were due to a
decrease in the denominator, one would reasonably ex-
pect that the denominator would become zero close to
the region in which the electroclinic constant is rapidly
increasing. This behavior would imply a divergent
do/dE and possibly a transition to some other phase,
such as the smectic C. However, this transition occurs
only at temperatures well below the NA transition. It
therefore seems most reasonable that the observed pre-
transitional eff'ect is due to a rapid increase in a, the cou-
pling coefficient between the molecular tilt and the elec-
tric field, as the tendency to form layers increases.

In summary, we have observed an electroclinic efrect
in a surface-stabilized chiral nematic liquid crystal. This
effect increases very rapidly near the NA transition, indi-
cating that smectic order in this material has a strong
eAect on the coupling between tilt and the electric field.
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