
P H Y S I C A L R E V I E W L E T T E R S week ending
24 OCTOBER 2003VOLUME 91, NUMBER 17
Control of Molecular Orientation in Electrostatically Stabilized Ferroelectric Liquid Crystals
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The continuously reorientable (XY-like) ferroelectric polarization density of a chiral smectic liquid
crystal is shown experimentally to produce nearly complete screening of the applied electric field in an
appropriate cell geometry. This screening, combined with the expulsion of polarization charge for large
polarization materials, is shown to produce electrostatic control of the orientation of a uniform optic
axis or polarization field.
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sated by free charge. This energy contribution typically voltage sensitivity that scales with insulating layer
Chiral smectic C (SmC�) liquid crystals are fluid ferro-
electrics characterized by the structure shown in Fig. 1(a),
a one dimensional (1D) stacking of 2D liquid layers of
rod-shaped molecules having a mean long axis (optic
axis) tilted through a fixed angle � from the layer normal.
Such a chiral phase is required by the lack of reflection
symmetry to have a macroscopic ferroelectric polariza-
tion P, locally normal to both the mean long axis n and
to the layer normal z [1]. The intimate coupling of optic
axis orientation to P is unique among ferroelectric mate-
rials to SmC�s and makes possible a variety of useful
effects based on reorientation of the optic axis on the tilt
cone in response to applied field [2–5]. Although the
magnitude of P is fixed, depending only on temperature,
its azimuthal orientation in the x-y plane, ��r�, is uncon-
strained when there is no electric field applied [��r� is a
Goldstone variable]. Then the SmC� energy, independent
of ��r�, depends only on its spatial derivatives, with
contributions arising from molecular orientation curva-
ture elasticity, surface interaction energy, and from the
electrostatic self-interaction of the polarization charge
density �P � �r � P�r� [1].

In this Letter we verify that the XY-like orientational
freedom of P can lead to a particularly elegant mode of
bulk ferroelectric electro-optic response. High polariza-
tion materials have an electro-optic response consistent
with complete screening by polarization charge of the
applied field in the liquid crystal (LC), exhibiting con-
tinuous orientation of uniform polarization and optic axis
fields controlled solely by electrostatic interactions. We
confirm key predictions of a recently proposed model of
such behavior [6].

This model recognizes that the spatial variation of��r�
in a SmC� results in polarization charge �P�r� [Fig. 1(b)]
which gives rise to nonzero electric field ELC in the liquid
crystal and an associated electrostatic energy, assuming
that the LC is insulating and that �P cannot be compen-
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increases as P2, eventually becoming dominant, in which
limit splay of P is expelled from the bulk SmC�, render-
ing ��r� uniform in the bulk [Fig. 1(c)] [7–16].
Nonuniform surface layers (polarization stabilized kinks
[11]) of thickness �P � ��LCK=P2�1=2 may remain, where
�LC is the bare LC dielectric constant (excluding effects
of P) and K is the nematic-like orientational elasticity.
However, the surfaces, which must apply a torque density
�� K=�P to maintain these kinks, will be unable to do so
at sufficiently large P, since eventually � will exceed the
available polar surface energy density. In this limit P�x� is
predicted to become uniform from surface to surface
giving good optical extinction (high-contrast) between
crossed polarizers [6]. The dynamical equation governing
the orientation of P is then

�
@�
@t
� �PE sin�; (1)

where � is the viscosity for reorientation on the cone.
Equation (1) can be rewritten as J � �E, where � �
�P2 � P2

E�=� is the effective LC electrical conductivity
associated with the reorientation of P, and PE is the
component of P along E. With insulating layers on the
cell surfaces [each of thickness t and dielectric constant �,
Fig. 1(d)] the electrostatic energy is nonzero, and is mini-
mized by the orientation of P for which ELC � 0 [as
required by Eq. (1) for quasistatic changes], i.e., for which
the polarization charge density on the inside of the in-
sulating layers, P cos�, is equal in magnitude and oppo-
site in sign to �V=2t, the free charge density on the
outside of the insulating layer. Here V, the voltage applied
to the cell, appears entirely across the insulating layer.
This leads to an extremely simple relation between ori-
entation on the cone and applied voltage [6],

��V� � cos�1��V=2tP�; (2)

which predicts analog electro-optic behavior with a
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FIG. 2 (color online). (a) Contour plot of the transmitted
intensity T��; V� of 632 nm light through a bookshelf-aligned
W415 cell placed between crossed polarizers, as a function of
increasing applied voltage and of azimuthal orientation. Right
axis: Apparent bulk director orientation  B relative to n, de-
termined from the minima of T���. Inset: Setup for TIR study
of the LC orientation near the glass surface via depolarization
of the reflected He-Ne beam. The beam along the hemisphere
axis probes the director field of the bulk LC. (b) Contour plot of
the corresponding depolarized TIR intensity R��; V�. Right
axis: Apparent surface director orientation  S relative to n,
determined from the minima of R���. Inset, hysteresis loop:
Apparent bulk and surface director orientation dependence on
applied voltage. Inset, line:  S vs  B. The cell was driven with
a 20 Hz, 20 Vpp triangle wave.

FIG. 1 (color online). (a) Bookshelf smectic liquid crystal cell
geometry. The tilted chiral liquid crystal is a dielectric in a
transparent ITO-glass capacitor, with the smectic layers more
or less normal to the plates. Shown are the director n, the tilt
cone angle � relative to the layer normal z, the polarization P,
the c director (the projection of n onto the layer plane), the
azimuthal orientation � of c-P, and the cell normal x. The
cells have total thickness d, with alignment layers of thickness
t on each surface. (b)–(d) Model structures of Sm-C� SSFLC
cells with c indicated by a and P by! . (b) Twisted structure
resulting from strong polar surface anchoring. The resulting
splay in the polarization causes a polarization charge density,
and thus a nonzero electric field, within the cell. (c) Large P
excludes splay from the cell interior, reducing the electrostatic
energy at the cost of elastic energy. (d) With insulating align-
ment layers present, polarization screening excludes the elec-
tric field from the LC and the applied voltage is dropped
entirely across the alignment layers.
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thickness, and counterintuitively, inversely with the mag-
nitude of P.

We report here experimental tests of four key predic-
tions of this high-P regime model: (i) the spatial depen-
dence of P; (ii) the��V� dependence; (iii) the dependence
of the saturation voltage on the insulating layer thick-
ness, t; (iv) the independence of the saturation voltage on
cell thickness, d. While features (ii)–(iv), and the bulk
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orientation of P�x� can be probed using standard polar-
ized transmission microscopy, studying P�x� requires
distinct measurement of the surface and bulk orientations
of n, which we have carried out using the total internal
reflection (TIR) evanescent wave method pioneered in
our laboratory [13,17].

The experimental setup is presented in the inset to
Fig. 2(a). An oblique He-Ne laser beam polarized in the
plane of incidence passes through a high index hemi-
sphere and into a glass slide (hemisphere and glass have
n � 1:802 and are joined by index matching fluid), and
illuminates the planar LC-glass interface at a fixed angle
of incidence of 75	. The glass is coated with 327 �A of
indium tin oxide (ITO, n � 1:917) and a �500 �A thick
polymer alignment layer. The light is totally reflected at
the glass/ITO/polymer/LC interface, and an evanescent
wave (probe beam) propagates along the interface in the
polymer and the LC. The penetration depth into the LC is
�P � 1000 �A. The depolarization ratio R��� (the ratio of
175505-2
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the detected depolarized intensity to the incident inten-
sity) is measured as a function of�, the angle between the
layer normal and the plane of incidence. A second polar-
ized He-Ne beam is normally incident on the cell, and
measurement of its transmission T��� through an ana-
lyzer oriented perpendicular to the polarizer enables
characterization of the optic axis behavior in the bulk LC.

Studies were made of two high-P Sm-C� ma-
terials in 1–3 "m thick, planar-aligned cells by
using rubbed nylon films on one of the plates. The
materials studied (the Walba compound W415
[Iso  !34:3	C

Sm-A�  !24:1	C
Sm-C�  !<0	C crystal; P 


230 nC=cm2) [18], and the three-component mixture
of Fukuda and co-workers T3 (Iso  !69

	C
Sm-A�  !64

	C

Sm-C�  !43
	C

Sm-CA
�; P 
 100 nC=cm2)[19] ] were

chosen to have P sufficiently large to ensure that
�P < d. The results of the W415 experiments will be
detailed here [20]. All experiments were performed at
19	C where for ac voltages at frequencies between 0:1 &

f & 1:2 Hz, the cells exhibited an analog electro-optic
response as predicted by Eq. (2).

In Fig. 2, we present contour plots of R��; V� and
T��; V� as a function of stage orientation and applied
voltage obtained by applying a 20 V, 20 Hz triangle
wave to the cells and rotating the stage stepwise through
360	. The four minima in R��� as the stage is rotated
through 360	 indicate the orientations where the projec-
tion of the average optic axis in the region probed by the
reflected beam onto the surface plane is either parallel or
perpendicular to the plane of incidence. The polarizer for
the normally incident transmitted beam is aligned paral-
lel to this plane of incidence so that we are able to
compare directly the orientation of the optic axis of the
bulk of the cell to that within �P of the ITO surface. The
trajectories of the minima of T��� [R���] in the main
plots of Fig. 2 show the field dependence of  B ( S), the
orientation of the bulk (surface) optic axis projection into
the surface plane relative to the layer normal in the
increasing part of the triangle cycle.  B and  S are
similar and the plot of  S vs  B in the inset of Fig. 2(b)
verifies this, the data lying close to the line  S �  B. The
complete triangle driven cycle exhibits hysteresis, a result
of the orientational viscosity associated with the
Goldstone mode and calculable from Eq. (1). As ex-
pected, the polarization stiffening maintains  S 
  B
throughout this cycle. Positive voltages move the optic
axes in the positive  direction such that the positive
voltage saturation position has the bulk director lying
along the rubbing direction due to the SEC as noted above
[20]. In this limit, the surface optic axis also lies along the
rubbing direction so that the director is uniform and
undistorted, from the bulk all the way down to the sur-
face. As the voltage decreases, the bulk optic axis rotates
smoothly according to Eq. (2), until at large negative
voltage the bulk director is oriented at�28	, on the other
side of the tilt cone. The surface optic axis, however, does
not rotate this far, saturating at�26	. The small deviation
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from  B �  S at negative V is due to either a uniform
�50 �A thick layer of Sm-C� adsorbed on the surface and
oriented with its optic axis along the rubbing direction, or
to strong polar pinning of the director at the surface
(director along the rubbing direction) coupled with a
rapid elastic relaxation to the bulk orientation over a
distance �� 80 �A. In either case, with the exception of
a thin surface layer, the entire 2 "m thick slab of liquid
crystal is responding as a uniform block. For homoge-
neous motion on the cone, when  � 0 (the optic axis
projection is along z), � � �90	 (or�90	) and the optic
axis is tilted down (or up) by � from the plane of the cell.
In this case the minima in R��� when z is normal to the
TIR plane of incidence are no longer zero and disappear
for � > 24	[21]. In our experiments the depolarization at
these sample orientations is vanishingly small, indicating
that the evanescent beam samples a conglomerate of � �
�90	 and � � �90	 domains.

We performed a systematic study of the dependence of
the saturation voltage Vsat on alignment layer thickness
[22]. By varying the spin coating speed, we produced
nylon alignment layers with t in the range 200 �A< t <
1300 �A and a dielectric constant of �IL � 4:1� 0:2 as
measured in a 6:4 "m thick film [23]. When assembled
as sandwich cells, these substrates gave total insulator
thicknesses 400 �A< 2t < 2600 �A. Figure 3(a) shows
the dependence of the saturation voltage in W415 on 2t.
The data are fitted well by a straight line as predicted
by the theory, but with a slope of 3:61� 0:05 mV= �A,
which is 1:7� 0:1 times lower than the predicted value
of 2P=�IL calculated taking P � 228� 12 nC=cm2. As
noted above, �IL was not measured in the LC sand-
wich cells. Absorption of ionic impurities from the liquid
crystal into the alignment layer would likely increase �IL
and thus decrease the observed Vsat. Furthermore, these
cells had a chevron layer structure as evidenced by
zigzag defects. Because the chevron forces some com-
ponent of P parallel to the plane of the cell, Vsat is
decreased by the reduction in the effective polarization
of the LC.

Finally, we measured the dependence of the satura-
tion voltage dependence on cell thickness. We prepared
cells with identical nylon alignment layers of thick-
ness t � 250 �A. The cells were then assembled using
different spacers with the resulting cell thickness in the
range 1:9 "m � d � 4:4 "m, measured by a visible
light spectrometer. All of these cells had the analog,
hysteresis–free electro-optic response. The measured
saturation voltages are plotted in Fig. 3(b). Despite differ-
ences of more than a factor of 2 in cell thickness, the
optical response of all of the cells saturates at approxi-
mately the same voltage, as expected for a liquid crystal
in which the polarization expels electric field.

In summary, we have demonstrated a unique new
property of tilted chiral smectic liquid crystals. In con-
trast to most previous liquid crystal observations in which
the anchoring of the molecules at a solid surface governs
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FIG. 3 (color online). (a) Vsat measured as a function of total
alignment layer thickness. The solid line is the best fit to the
data. (b) Vsat measured as a function of total cell thickness.
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their behavior, the defining character in these high polar-
ization materials is the self-interaction stiffening of the
polarization field and the resulting screening of applied
fields. Sufficiently large P can overcome the surface an-
choring, freeing the polarization to expel electric field
from the LC. In this limit, the director dynamics are
governed by the electrical properties of the cell rather
than the usually dominant surface interactions, and the
optical and electrical properties are partially decoupled:
the thickness of the alignment layers can be tuned to
adjust Vsat and the overall cell thickness can be tuned to
adjust the optical thickness of the device.
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