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Surface Electroclinic Eff'ect in Chiral Smectic-A Liquid Crystals
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The polar interaction between a chiral smectic-A liquid crystal and a solid substrate results in an in-

duced ferroelectric polarization and chiral reorientation of the director in the liquid crystal near the sur-
face.

PACS numbers: 61.30.Gd, 68.45.—v, 81.40.Tv

Based on an argument similar to that for ferroelectri-
city in the tilted phases of chiral smectic liquid crystals
(LC's), Garoff and Meyer ' predicted the existence of the
electroclinic effect, a chirally symmetric molecular rota-
tion proportional to the applied electric field in the
smectic-A (Sz) phase of a liquid crystal composed of
chiral molecules. They first experimentally demonstrat-
ed the electroclinic effect in p-(n-decyloxy-benzy-
lidene) -p'-amino- (2-meth ylbutyl) c inn a mate

(DOBAMBC), ' and it has since been studied as a probe
of critical behavior near the smectic-A to smectic-C*
(Sce) transition, and to develop useful electro-optic
devices. '

In this Letter, we report the surface electroclinic effect
in the S~ phase, a chiral rotation of the S~ director
away from the layer normal in the vicinity of the LC-
solid interface.

In recent experimental work, we have shown that in

the Sc. phase, the interface interaction between the
liquid crystal and solid bounding surfaces is polar, the
surface prefering to have a particular sign of P. s, where
P is the ferroelectric polarization and s is the surface

normal directed into the LC.
Here we probe the S~ phase, in which this polar inter-

face interaction acts like an externally applied field,
causing the molecules near the surface to tilt in a chiral-

ly symmetric way, as shown schematically in Fig. 1(a),
with respect to the smectic-layer normal. This molecular
tilt can be measured by detecting the depolarization ratio
R of light totally reAected from the solid isotropic
glass-uniformly aligned S~ interface, under conditions
of evanescent propagation in the LC.

The sample geometry is the surface-stabilized ferro-
electric-LC (SSFLC) geometry with the LC between a
clean indium-tin-oxide (ITO) coated glass plate and the
ffat part of a high-index glass hemisphere (ng 1.9082)
coated with a thin layer (-120 A) of ITO. The cell is
filled by capillary suction by heating the liquid crystal to
the isotropic phase. A uniformly arranged smectic-8
phase is obtained by shearing the sample cell near the
N* to S~ transition in both the N* and S~ phases.
The hemisphere-sample assembly is shown in Fig. 1(b).

To theoretically describe the surface electroclinic
eff'ect, we use a Landau description, writing the bulk
elastic free energy per unit area of a chiral Sz phase as'
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where 8(x) is the angle between the layer normal z and
the director n [cf. Fig. 1(a)], P(x) is the component of
the average molecular polarization perpendicular to the
bounding surfaces, 2 yk~ TP is the entropy cost of dipo-
lar reorientation, t is the piezoelectric coupling constant,
Kq is the twist elastic constant, and 8(x) and P(x) are
assumed to depend only on x, the coordinate normal to
the interface. The last term in Eq. (I) comes from the
electrostatic self-interaction of the polarization charge
p = —V. P. Because of the one-dimensional spatial vari-
ation of P, this term reduces to 2ttp(x) /e, where e is
the dielectric constant.

In Eq. (1), P and 8 are treated as independent vari-
ables. Minimizing the free energy with respect to P

gives
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where g~ =ykttT+4tt/e is a generalized susceptibility,
and A =a(T —T, )/T, is the eff'ective susceptibility con-
trolling the tilt of the director near the smectic-A to
smectic-C phase transition. ' The solution to the Euler
equation resulting from Eq. (3), when the correlation
length ( (K2/A) 't is much less than the sample thick-
ness, is
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showing that a polar interaction between the LC and the
bounding plate induces a director tilt in the S~ phase
dependent on temperature, and that an electroclinic
eA'ect should be observable. Using values typical to
FLC's, the correlation length g

= (1000 A)/(AT) '

where hT: T —T,—('C).
As in Ref. 7, we have used total-internal-reflection

(TIR) technique to probe n near the LC-glass interface.
The experimental setup is identical to the one used in

Ref. 7 except the hemisphere assembly is now tempera-
ture controlled and the detection system employs a lock-
in amplifier. A thermistor is placed on top of the flat
surface of the hemisphere to give an accurate reading of
the sample temperature. The depolarization ratio of the
reflected beam, R(a), is measured as a function of a, the
angle between the layer normal and the plane of in-

cidence, versus temperature in the S~ and Sz. phases.
The liquid crystal used in the experiment is the BDH

electroclinic mixture 764E, with phases

89o 92o 73o 26o

I ~ N Sg S~~,

which gives a net bulk elastic free energy per unit area as
Gb =fPg(x)dx = —, Oping.

Assuming the surface energy per unit area due to the
surface interaction between the FLC's and the solid sur-
face is polar, and is proportional to the spontaneous po-
larization P, G, = —

A, 2P—:—
A, 2gpEOp then the total free

energy per unit area of the system is obtained by adding
up the bulk and the surface energy:

Gf =Gb+G, = X2gpr8p+ —,
'

&pAg, — (s)

where X2 measures the strength of the polar interaction.
Note that there is an implicit sign dependence in the po-
lar interaction X2. If k2&0, then the P &0 state is
favored, corresponding to the surface favoring the n —P
structure with the spontaneous polarization pointing into
the FLC, and vice versa.

(b)

F'&G. l. (a) Schematic of the surface electroclinic effect in

the chiral S& phase and the coordinate system of the sample

geometry. The z axis is along the layer normal, and the x axis

is perpendicular to the glass plates. The polar surface interac-
tion intrinsic to the solid-LC induces a spontaneous polariza-
tion and the director orientation near the surface. (b) The
hemisphere-sample assembly. A hemisphere is used in order to
obtain the cylindrical symmetry needed for the experiment.

which was kindly provided to us by EM Industries. The
material was chosen because it has a large electroclinic
tilt per unit of applied electric field. In our experiment,
the angle of incidence e is set to be 81.3', giving optical
penetration depths of I=880 4 for the ordinary wave
and a maximum of I=1174 A for the extraordinary
wave in a LC material with refractive indices of np
= 1.50 and n, = 1.68 for an incident wavelength of

A, =6328 A.
Figure 2 shows measurements of R(a) at three

different temperatures, two in the S~ phase, close to the
Sq-to-S&. transition, and one in the Sz. phase. As can
be readily seen in Fig. 2, as the sample temperature de-
creases, the amplitude of the depolarization ratio in-

creases slightly, which most likely indicates that the
birefringence of the liquid-crystal slab is increasing. It
can also be observed that the depolarization-ratio curve
shifts slightly to larger a with decreasing T, which
means that with decreasing T the director n near the
surface is rotating about x, the surface normal, relative
to z, the smectic-layer normal.

The experimental data are fitted with the theoretical
R(a) obtained assuming the LC to be a uniaxial slab of
birefringence n, —n, =An and optic-axis (director)
orientation n(H, ~, Q); cf. Fig. 1. This is justified as fol-
lows: As AT increases, both ep and ( decrease. Clearly
we have Op(&1 rad, and for most of the temperature
range studied g ( I. Under these circumstances, the
twisted director structure should behave approximately
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FIG. 2. Depolarization ratio R(a) vs a, the angle between
the layer normal and the plane of incidence, at three different
temperatures: O; T-58.3'C (S ); 0: T-21 6'C (S ); o. :
T 22.5 C (S&~). The solid curve is the best fit for the ex-
perimental results at 27.6', which is representative of the fits
assuming a homogeneous uniaxial medium. The difference in
the width of the peaks of R(a) can be qualitatively understood
as due to the asymmetry of the effective refractive index about
a 45, where the induced dipole moment producing the depo-
larized radiation maximizes.
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FIG. 3. Director rotation 8,~ (o) along with a fit by the

theory (solid curve) near the ITO surface vs temperature (T)
in the S~ phase of BDH 764E. The increasing 8,~ as T is de-
creased indicates the surface electroclinic effect. The error
bars indicate the standard deviation calculated from the fit by
R(a). Also indicated is the birefringence hn (C ) obtained
from the fits. The Sci (o) tilt angle is obtained from transmis-
sion birefringence measurements, with the solid curve being the
mean-field description of the transition behavior. The dif-
ference between the angles measured by the TIR technique
and the optical measurement indicates that the molecules are
tilted by a small angle near the interface (Ref. 7).

as a uniform structure having an average rotation

l
8,~=l '80 J e "~dx =8n(/I cs: g (7)

A nonlinear least-squares fitting routine was used to
determine the orientations (8,~, 0) and hn.

The depolarization ratio R(a) is not a sensitive func-
tion of 0 when 0 is small. We find that all experimen-
tal data are fitted well with any Q ( 3.5', with a slightly
better fit for smaller 0's, which indicates that the mole-
cules stay parallel or almost parallel to the interface
throughout the temperature range studied. In what fol-
lows, the initial fitting value for 0 is chosen to be 0.5'
for convenience.

Figure 3 shows the fitted h, n as a function of tempera-
ture. As can be readily seen, there is a small increase in

hn as the temperature of the cell is lowered. The nemat-
ic order parameter S describing the ordering of the
director field should increase slightly as the temperature
is decreased, and as a result, hn, which is proportional to
S, should also increase accordingly. ' hn was measured

by transmission birefringence to be 0.18 at 20 C, in very
good agreement with the fitted value 0.177 at 22.5 C.

The best-fitted values for 8,~ along with its standard
deviation versus T are also shown in Fig. 3. The S~-Sc.
transition temperature T~~ was determined from a
simultaneous optical-microscopy observation of the ap-
pearance of domain walls and hysteresis in the bulk opti-
cal response to applied field characteristic of the Sc.
phase. The transmission electro-optic eAect was linear

(electroclinic) at temperatures where S~ data were tak-
en. There is an obvious increase in 8,~ in the S~ phase
as the temperature is decreased, which can only be ex-
plained by the polar interaction between the LC and the
ITO surface, as realized in Eq. (6). The observed sur-

face electroclinic eA'ect is small and at present the data,
although demonstrating its existence, do not allow a
quantitative test of Eqs. (6) and (7). From Eq. (7) we
expect 8,~-( —I/(T —T~~), and Fig. 3 shows a fit by
this function. With the quoted values of g and I, we find

that 80 =0.248 at T =T~~+1.6', the closest our cur-
rent temperature control will enable us to come to T~c.

The spontaneous polarization P of the mixture 764E,
when in the smectic-C phase, is negative. From the
geometry of the TIR experiment, we find that the sur-
face favors the state with P pointing into the glass and
away from the FLC. This indicates that the polar in-

teraction may be material dependent as we found P
pointing into the LC for the Displaytech mixtures em-
ployed in Ref. 7.

To conclude, we have demonstrated the surface elec-
troclinic eftect induced by the polar interaction between
a chiral LC and its bounding plate. We find that the
surface interaction in this case favors the spontaneous
polarization of the LC pointing into the solid.
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