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Field control of the surface electroclinic effect in chiral smecticA liquid crystals
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The surface electroclinic effect, which causes an azimuthal deviation of the layer normal from the surface
rubbing direction in cells of chiral smecti&diquid crystals, can be eliminatgdnd even reversgdby applying
an electric field during cooling from the isotropic phase. The observed dependence of layer orientation on field
strength leads to a model in which the surface electroclinic tilt results from an effective surface electric field.
The experiements suggest a general method for controlling the azimuthal layer alignment of chiral smectic
cells.
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[. INTRODUCTION the director tilted byés; (2) the appearance of an induced
o . oo . polarization; and3) the liquid crystal undergoing a transi-
The electro-optic properties of liquid crystiC) devices tion to a SmE*-like state at the surface of the cell. On

;jseferi‘ga(l)ln ;h;eﬂmﬁ?];n;'tg m;tfgzen;ol%?u?;raggg?nen;’c\)’\r']h'tﬂécooling from the isotropic phase, the liquid crystal molecules
ypically y poly 9 -align preferentially along the rubbing direction and the smec-

su_rfaces of the .deV|ce. Wh|Ie_nemat|cs.are readily oriented " layers grow in uniformly rotated so that at the surface the
this way, the alignment of chiral smectics can be more chal;

. . layer normal makes an anglewith the director. This layer
laGnnggr?i};?{qﬁ?;rgrsgérvgsgeﬁi zwiﬁ(ﬁﬁgﬁnﬁ)ﬁﬁ:ﬁsﬁro orientation is maintained into the interior of the cell, while
. b . . - “the LC director relaxes back to the Si¥-orientation, the
ic or nematic phase in a cell that is rubbed to induce aralletl . . . to
?homogeneoosfalignment of the molecules. the smectiré lay- induced molecular tiltd(x) becoming rapidly smaller with

. . o : o distance from the cell surface and vanishing in the bulk.
ers form with their layer norma& along the rubbing direction Applied electric fields have long been used to modify the

R, the direction favored by the molecules. In chiral Sm-A ayertilt in cells in the chiral SME* phase, for example, to
materials, however generally makes a finite angle with  {ransform chevron to bookshelf-type layerifitg]. In mate-

the rubbing direction because of the surface electroclinigigis with large surface electroclinic effect in the Skh-
(SEQ effect[1-6]. The magnitude and sign of the induced phase on the other hand, we find that electric fields applied
tilt depend both on the material properties of the I_|qU|d CryS-during cooling from the isotropic phase to the $thhave a

tal and on the surface treatmgflj andy can be quite large  gramatic influence on the SEC tilt, allowing direct control of
in some cases. For example, the well-known Tokyo mixturgne |ayerazimuth Similar behavior is observed in both W415
T3 [7] grows in with the layer normal deviated by  ang T3, although T3 cells are somewhat less responsive to

=+20° on a nylon surfacg8], and in the chiral compound fie|q treatment. The effect is described in more detail below.
WA415 [9], the SEC effect is even bigger, with=-24°. In

both cases, the layers grow in from the two bounding plates
of a parallel-rubbed test cell with markedly different orien- . EXPERIMENT
tations [10]. Uniform layering can be obtained in cells of
such materials by careful cross rubbing of the alignmenbu
coatings.

W415, which has the structure shown in Fig. 1, has the
Ik phase sequence

34.3°c 24.1°c <-20°c

. X .
Il. BACKGROUND Isotropic — Sm-A* — SmC* « Crystal.

ITO-glass cells, typically around 2m thick and prepared
with nylon alignment layergElvamide 8023R are filled by
capillarity in the isotropic phase then cooled slowtypi-
“cally at —0.1°C/min) into the SmA* phase. In these cells,
rubbed only on the bottom plate, the smectic layers nucleate
first at the rubbed surface then grow into and eventually fill
the cell interior[10]. When no field is applied during cool-
ing, the layers grow in rotated counterclockwise from the
*Present address: Department of Chemistry, Southern lllinoigubbing direction, as shown in Fig(&, with an intrinsic
University, Carbondale, IL 62901-4409. layer deviatioryy=—24°, comparable to the bulk electroclinic

By analogy with the bulk electroclinic effect, in which an
externally applied electric field induces a tilt of the 3¥h-
director[11], Xue and Clark proposed that the angular devia
tion of the SmA* layer normal from the rubbing direction is
a manifestation of a surface electroclinic eff§2}, with (1)
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FIG. 1. Chemical structure of W415.

saturation tilt angle. In the absence of external fields, thdion, as indicated in Fig.(@) [14]. In this way, external elec-
smectic layer orientation does not change below thdric field can be used to control the layer rotation induced by
isotropic—SmA* transition, i.e.,i is constant over the entire the SEC effect over the range -24%< +24°. When only
Sm-A*-Sm-C* temperature range. W415 has a negativemoderate fields are applied, the uniformity of field-treated
spontaneous polarization in the SB#-phase. regions of the cell is not significantly different from the vir-
We now consider the effect on the layer orientation ofgin texture, as illustrated in Fig.(8). Above E;, however,
applying fields to the cell while cooling into the SAt- the layer orientation becomes increasingly inhomogeneous
phase[13]. A negative dc field(pointing up, and hence @and the global optical properties of the cédl.g., the con-
aligned with the polarization associated with the native surirash become progressively worse, a trend indicated qualita-
face electroclinic tilt only slightly increases the amount of tively by the upper curve in Fig.(8).
layer rotation, an indication that the native surface tilt is near The average director orientation close to the rubbed cell
saturation. A positive field, on the other hand, reduces itsurface(fs) was determined in a depolarized total internal
Indeed, for a sufficiently large positive field(E, reflection (TIR) experiment, in which an evanescent wave
=14 V/um) the sign of the SEC tilt is even reversed, the probes primarily the first 100 nm of liquid crystal and a

layers growing in deviated clockwise from the rubbing direc-transmitted beam simultaneously measures the bulk optic
axis orientation[15]. In a virgin W415 cell cooled with no

external field, wherey=-24°, the average surface optic axis
in the absence of applied field is found to be oriented at
(69=-7° from the layer norma{and from the bulk optic
axis), rotated toward the rubbing direction as shown in Fig.
3(c). In a strong positive applied fieldE=+15 V/um), the
bulk optic axis rotates t@g=+26° under the action of the
electroclinic effect, whereas the average surface optic axis
only rotates to (69=+23°. A negative field (E
=-15 V/um) rotates the optic axis both in the bulk and near
the surface tofz=60s=-26°, approximately parallel to the
rubbing direction. Optically, this behavior is consistent either
with strong surface anchoring of the director parallel to the
rubbing directionwith a rapid but smooth elastic relaxation
of A(x) to the bulk orientatior{2]], or with a thin layer of
immobile molecules adsorbed on the surface and oriented
parallel to the rubbing directiofwith the director jumping
discontinuously to the bulk orientatiofiy) [16].

If a positive dc field is applied to the cell while cooling,
reducing the layer deviation from the rubbing direction, both
the bulk and apparent surface optic axes are found to be
rotated from their virgin positions, as expected. Interestingly,
though, theirelative orientationsare essentially unchanged,
i.e., the apparent surface optic axis is still offset (#
=-7° from the bulk layer normal, itself now gt=-11° rela-

bottom tive to the rubbing directionfl7], as can be seen from Fig.
plate 3(d). The effect of the applied field is thus to reorient the
entire layer-director field of the LC about the electric field

FIG. 2. (Color) (a) Polarized photomicrograph showing smectic direction. The TIR experiments reveal no evidence of any
layer formation at the isotropic—S# transition in a W415 celiof =~ molecular pretilt, i.e., the apparent optic axis is in the plane
thicknessd~ 3.5 um) rubbed on the bottom surface only. The lay- of the surface, independent of field treatment.
ers grow in with the layer norm& which is parallel to the ripples The SEC effect can similarly be controlled by applying
in this texture, deviated counterclockwise from the direction of rub-unipolar, pulsed fields during cooling, the effect of the field
bing R, defined by the dark scratches left in the nylon alignmenton the layer orientation increasing with the positive duty
layer. This corresponds <0, as indicated irb). cycle, as indicated in Fig. f18].
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FIG. 3. (Color onling Cooling W415 with dc applied fieldga) Final layer orientation induced by dc field while coolifigwer curve
and overall alignment quality of the cealipper curve (b) Typical SmA* cell texture after cooling with dc field. In this case, a field of
E=+13 V/um applied to the bright region produces a layer orientatlen—2°. The dark are@where there are no electrogeshows the
virgin layer orientatior(y=-24°). The horizontal dimension of the image is about 208. (c) and(d) Bulk optic axis orientation measured
by transmission polarized light microscofgircles and apparent surface optic axis orientation measured by(tfilugleg as a function of
increasing applied fieldc) In the virgin cell (y=-24.59, the bulk optic axis reorients smoothly frofig=-26° to fg=+26° as the field
increases from —15 \dm to +15 V/um, due to the bulk electroclinic effect. The surface optic axis is parallel to the saturated bulk at
-15 V/um, but attains only a smaller ang(éds)=+23°) at +15 V/um. (d) When an electric field is applied during cooling, the layer
deviation in the smectié phase is reduced/=-11°. The orientation of the surface optic axis relative to the bulk is, however, unchanged.
The layer normal orientation was determined by averaging the orientations of the bulk optic axis in large positive and negative fields. This
cell was cooled from the isotropic at —0.2/min and itsoptical properties studied at 29.9°C.

IV. DISCUSSION
These experiments demonstrate unequivocally that the

0 — — SEC tilt can be controlled with an applied electric field, an
. 3 effect which we explain as follows. When the liquid crystal
SF 3 cell is cooled from the isotropic, the material closest to the

rubbed cell surface undergoes the phase transition into the
Sm-A* first, with the director preferentially oriented parallel

layer orientation {f (deg)
=
T
1

-15 F ] to the glass. In the absence of applied fields during cooling,
20 _ _ the azimuthal orientation of the layers is then determined as
: ] follows.
25 _ _ (1) If the cell surface was rubbed then the director orients
N — : alongR.
0 10 20 30 40 (2) The LC near the surface is subject to a localized sur-
duty cycle (%) face field which induces a surface il (hence a SnG*-like

state at the surfageresulting in turn in an angular deviation

FIG. 4. Cooling W415 while applying pulsed electric fields. The . - . .
g PPYINg p f the layer normal from the rubbing directidsee Fig.

layer orientation that appears in the course of the isotropic—Snﬁ)

-A* phase transition depends on both the amplitude of the applie@(b)]' . . . .
pulse train and the duty cycle, shown here. In this cell, a 2 Hz Although the surface field, a basic manifestation of

applied field of amplitud€E = +13 V/um achieves a layer orienta- the polar nature of the interface, may be chemical, steric,
tion along the rubbing directiofyy=0) for a positive duty cycle of ~and/or electrostatic in origin, its effect on the director field

only 45%, the same modification of the SEC effect obtained wherinay be modified by an applied electric field, similar to

cooling in a dc field of the same magnitude. In all experiments, théhe bulk electroclinic effect. It is thus both convenient and

applied field was removed as soon as the first typical smectic feaRatural to model the surface field as an effective local electric
tures were observed. field Es
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An external electric field& applied during cooling modi- T T ' T T T
fies the net field at the surface, amplifying, reducing or even I
reversing the sign of the surface t#(E). In this case, the 20
director initially orients along the rubbing direction as be- I
fore. However, once the sample is cooled, the smectic layers
are well establishegwith a corresponding deviatiof(E)], ?}
and the applied field is removed, the surface director reori- g
ents under the influence of the surface field alone, relaxing
toward the preferred native tilés. Since the smectic layer
orientation is now fixed, the surface director in this case 201
abandons the easy axis defined by the rubfevg. While
this result was unexpected, it is not too surprising since itis  -30[ .
known that, unlike nematics, the director in tilted smectics — —

L . X L -30 -20 -10 0 10 20
does not necessarily align with the rubbing direction anyway, E (V/um)
for example, below the SPA—Sm-C phase transitiofi12].

A
‘AAAAAA

FIG. 5. Bulk(-) and surface electroclinic ti(tA) in a W415 cell
V. THEORETICAL MODEL in the SmA* phase. The bulk tilts are the same as in Figc)&nd
the shifted surface angles correspond to the data in F&y.a¥fset
The similarity of the bulk and surface electroclinic re- by a field of +14 Vjum. These curves overlap quite well, with the
sponses plotted in Figs(@ and 3d) strongly suggests using bulk and the surface demonstrating the same linear susceptibility to
a theoretical approach which couples the surface and bulkmall (ne) electric fields.
electroclinic effects to obtain an expression #®fE). For

small electric fieldE, the induced electroclinic tilt in the bulk WOg(Eg) + (¢ + ) B5(E)
0g(E) is linear inE, and the mean-field density of the Sif- O4E) = N . (6)
phase may be written in terms of the polarizat®rand tilt stw
angled [5,10,11,2% as This equation provides a model for the experimental tilt data
) ) shown in Fig. 5, in the region wherés is small. Here,0g
E=F,+ A_92 —tEf+ &(d_ﬁ) (1) varies linearly with field in a manner similar to the bulk, with
A 2 \dx/ the relative slope of the surface and bulk responses
The Euler-Lagrange equation governing the director field, _ 9 04E) _ E+v -
2 d6s(E)  &£+w
Kz@ =A"0- XE, (2)  This allows Eq.(6) to be reformulated as
has the solution 0s(E) = 05(Eg), (7)

implying that the director near the surface reorients linearly

0(x.E) = [0s(E) — Os(E)lexp(—x/€) + 65(E), () Jike the bulk but subject to the net electric field

where 65E) is the tilt at the cell surface(x=0), ¢ ~  WEg+(£+0)E WEs
=(K,/A)Y2 is the bulk SmA* penetration length, and Es= ~E+
0g(E)=tE/A’. At the surface we assume the same restoring
energy as in the bulk and postulate that the surface electrarhe similarity of the bulk and surface data shown in Fig. 5
clinic tilt established at the phase transition results from arprovides compelling support for the postulated model, con-
effective surface electric fieléEs. The surface energy/area firming thatés(E) is nearly identical to the bulk electroclinic

(8

E+w E+w’

may then be expressed, using the notation of (j.as tilt 6z(E), but shifted in field by +14 V4m. The magnitude
o of the bare surface fiel&g could be determined with inde-
f Ey=| 2 2-toE +OE 4 pendent estimates @fandw.
s(0sB) ( 2 05 t0s S>W b0, @ Finally, we note that field control of the smectic layer

orientation provides a direct means of controlling the effec-
wherew anduv are the effective thicknesses over which thetive birefringence of chiral Sm cells, suggesting possible
surface and bulk forces act. The surface and bulk tilts ar@pplications in the area of electrically controlled phase plates
constrained by the requirement of torque balance at the ceind color filters. For example, Figs(ap and Gb) show

surface: W415 cells with stripe-patterned electrodes to which fields
of differing strengths have been applied on cooling into the
A df4(0sE) (5) SmA* phase. Figures @) and Gd) illustrate the principle
2 9% | w0 dbs ' by which such cells could be field treated to form a modu-
lated phase plate that would act as a diffractive electroclinic
which yields the relation shutter for unpolarized ligH226]. This approach provides an
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FIG. 6. (Color) (a) and(b) Po-
larized  photomicrographs  of
W415 cells with stripe electrodes
in the SmA* phase. Applying dif-
ferent electric fields to alternate
electrodes during cooling from the
isotropic phase gives a modulation
of the smectic layer orientation
and hence of the effective birefrin-
gence. The colors irfb) are en-
hanced with a phase plate. The
horizontal dimension of these im-
ages is about 10@m. (c) and(d)
Proposed diffractive optical shut-
ter for unpolarized light using a
linear array of SmA* domains in
which the layer normal orientation
in adjacent pixels differs by 45°.
With appropriately applied fields,
the liquid crystal either causes a
uniform optical phase shift®
=®, of the transmitted bear(t),
or forms a modulated phase plate,
with alternating stripes providing
optical phase shifts ofb=0 and
, respectively(d). In this latter
condition, the array acts as a dif-
fraction grating, eliminating the
central beam ak=0 as indicated.

alternative to using high tilt Sn&* materials (6~ 45°) smecticA liquid crystal can be controlled by applied electric
(which are rare and somewhat tricky to align, and requirdields. The magnitude of the field required to cancel the sur-
high driving voltages[27]) to achieve a 90° orientational face electroclinic effect can be directly related to an effective
difference of the optic axis between adjacent Stripes_ In genSUfface electric field localized at the |IC]U|d Crystal/alignment
eral, selective control of the layer azimuth allows the desigri@yer interface.

of devices with a wider range of optical tilt than is achiev- ACKNOWLEDGMENTS
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