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Experimental investigation of the compressible continuum theory

of a homeotropically aligned ferroelectric liquid crystal

by A. MAZZULLA*² and J. R. SAMBLES

Thin Film Photonics Group, Department of Physics, University of Exeter,
Stocker Road, Exeter EX4 4QL, England

(Received 15 October 1996; in ® nal form 29 January 1997; accepted 14 February 1997 )

The optical tensor con® guration in a homeotropically aligned ferroelectric liquid crystal
(FLC), SCE13 cell, is investigated by means of optical excitation of half leaky guided modes.
A thin slab of FLC is con® ned between a high index pyramid and a low index substrate
whose indices bound those of the liquid crystal. In this geometry there exists a small angle
range over which a series of sharp resonant modes may propagate in the liquid crystal.
Detecting the angular dependent re¯ ectivity for plane polarized radiation and subsequently
® tting the data by iteratively modelling from multilayer Fresnel theory, a full characterization
of the tilt and twist pro® le throughout the cell is achieved. The temperature dependence of
the tilt of the principal director, which is related to the smectic cone angle, and of the optical
permittivity, as well as the pitch have been obtained. The tilt director pro® le across the cell
is interpreted using a compressible continuum theory for SmC* liquid crystals which includes
the possibility of variable cone angle and layer spacing.

1. Introduction surface regions. A more elaborate non-linear variation
in this surface regime is supplied by a theory whichThe aim of this paper is to present the optical tensor

pro® le characterization of a homeotropically aligned takes into account the layer compression as molecules
move away from the layer normal. The model proposedliquid crystal (LC) cell using optical excitation of half

leaky guided modes [1]. A thin ferroelectric liquid by McKay and Leslie [6], which adopts a simple free
energy for a ferroelectric liquid crystal similar tocrystal layer is sandwiched between a pyramid having a

refractive index higher than the largest of the LC and a Nakagawa [7], suggests that the tilt angle pro® le in
homeotropically aligned cells is determined by a termlow refractive index substrate having index lower than

the lowest of the LC. In this geometry, there exists an associated with smectic layer compression. This model
is the extension of the continuum theory for smectic Cangular window, from the pseudo-critical angle between

the high index pyramid and the e� ective index of the liquid crystals for constant layer spacing [8] introducing
chirality and variable layer thickness.liquid crystal to the critical angle between the high index

pyramid and the low index substrate, over which sharp
half leaky resonant guided modes may propagate. For 2. Experimental

The sample geometry ( ® gure 1) includes two glasslinearly polarized incident radiation there will be strong
s (TM) to p (TE) conversion if the molecular director is plates with indices nHigh=1 7́305 and nLow=1 4́630 at

632 8́ nm wavelength, both coated with an approximatelytwisted out of the plane of incidence. Fitting of multilayer
optics theory [2, 3] to the observed angle-dependent 610 AÊ thick layer of indium/tin oxide. Homeotropic

alignment is induced by gently wiping the glass surfacesre¯ ectivity data gives a complete evaluation of the
optical structure [4]. in one direction with a lens tissue soaked in lecithin

dissolved in diethyl ether; excess of lecithin is thenA particular issue which we address here concerns the
variation of cone angle with smectic interlayer spacing,
i.e. a change in molecular tilt with respect to the layer
normal, from the surface to the centre of the sample. In
a previous study [5] a simple linear tilt pro® le was
chosen as an acceptable approximation to treat the near

² On leave from Dipartimento di Fisica, UniversitaÁ della
Calabria and UnitaÁ INFM di Cosenza, 87036 Rende (CS),
Italy.

Figure 1. The sample geometry used in the experiment.*Author for correspondence.

0267 ± 8292/97 $12 0́0 Ñ 1997 Taylor & Francis Ltd.
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728 A. Mazzulla and J. R. Sambles

removed by washing in solvent only. The plates are temperature is reduced fairly quickly through the N*
phase into the SmA phase; subsequently it is cooled veryassembled in a clean room using UV hardening glue

containing 3 mm diameter spacer beads, and the cell is slowly through the SmA to SmC* phase transition ( less
than 0 5́ ß C per hour) in order to obtain a large smectic® lled by capillarity with ferroelectric liquid crystal

MERK SCE13 in the isotropic phase. Once full, the cell monodomain. Once a temperature a few degrees below

Figure 2. The experimental arrangement.

Figure 3. The recorded re¯ ectivity scans (crosses) showing Rpp and Rss versus the angle of incidence compared with theory (solid
lines): (a) nematic phase, T=90 ß C; (b) SA phase, T=65 ß C.
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729Continuum theory of ferroelectric L C

Figure 4. Fitted conversion re¯ e-
ctivity, Rsp versus the angle of
incidence in the SmC* phase
for three di� erent temperatures.
From the top curve: T=50 ß C,
40 ß C and 30 ß C; the solid lines
are the ® tted theory to the
experimental data (crosses) .
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730 A. Mazzulla and J. R. Sambles

Figure 5. The ® tted tilt angle pro-
® le from the surface to the
middle of the cell (the distribu-
tion in the second half is sym-
metric) and the ® tted twist
angle pro® le from one cell
surface to the other in the
SmC* phase for three di� erent
temperatures.

this transition is reached, cooling is then speeded up to index glass surface is achieved by a thin layer of matching
¯ uid having the same refractive index as the neigh-about 5 ß C per hour.

Optical continuity between the prism and the high bouring materials. Re¯ ectivity versus angle data from
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731Continuum theory of ferroelectric L C

and the projection of the director into the smectic planes.
Let d be the layer thickness vector and c the projection
onto the smectic layer; then a=2p/|d| is the density wave
vector magnitude parallel to d. In the reference frame in
which the z axis is normal to the surface plates ( ® gure 6):

d=cos h (0,0,1 ); c=sin h (1,0,0 ); a =[2p/cos h](0,0,1 );

n = (sin h,0, cos h); c0=sin h0 (1,0,0 ) .

Figure 6. Sketch of the cell in the SmC* phase and the The tilt angle h=h(z) does not vary within a layer, h0 is
reference frame used; h

v
and h0 are the surface and the bulk the cone angle expected in the bulk when no external

tilt angle, respectively.
in¯ uences take e� ect and c0 is the expected c-director
when no boundary e� ects are present.

As in the nematic theory, the local energy density isthe cell structure are taken either for s or p polarization
assumed to take the form W = W (a,c,Va,Vc), being ainput using either an s or p polarizer on the output; the
quadratic function of the gradients. In this frame asample in its oven is placed on a computer-controlled
simple model for the bulk free energy similar torotating table. Part of the input beam provides a refer-
Nakagawa is adopted:ence to compensate for any laser intensity ¯ uctuations

( ® gure 2).
W = D [K (c¯c Õ c0 ¯c0 )2

+A(V¯a)2+C (Vc) (Vc) Õ 2B (Va) (Vc)] , (1 )
3. Results and discussion

The data presented begin with the material in the where K, A, C (>0) and B are elastic constants, V¯a =
nematic phase, T=90 ß C ( ® gure 3 (a)). From the mode a i,i and Va=ai,j .
positions the liquid crystal optical permittivities are The dilation term K (c¯c Õ c0 ¯c0 )2 characterizes the
easily found; all other parameters are then ® tted by energy change as h deviates from h0 . For a strong
iterative modelling. In this phase the ® tted values are: anchoring condition (h=h

v
at z=0,d ), the cone angle is

no longer at the constant equilibrium bulk angle: h
v

Þ h0 ,e)LC= (2 2́082, 5 5́ Ö 10 Õ 5 );
and consequently the layers compress as the director

e
dLC= (2 6́110, 9 0́ Ö 10 Õ 5 ); LC thickness=3 2́83 mm; tilts away from normal to the SmA phase. The di� erential

equation which describes this model is as follows:eITO= (4 1́0, 0 9́ Ö 10 Õ 2 ), ITO thickness=610 AÊ .

The model requires a permittivity gradient at the surface A sin h

cos2 h
+F2

cos4 h

sin2 hB h ² +A1+sin2 h

cos3 h
Õ F2 cos3 hBof the soft substrate glass which acquires a ~1 5́ mm

strain layer during polishing. No s to p conversion is
(h ¾ )2 Õ D2 cos3 h( sin2 h Õ sin2 h0 )=0 , (2)observed either in the nematic or in the SmA phase due

to the very simple homeotropic alignment, with the where:
molecular director everywhere normal to the cell surface.
For T=65 ß C, in the SmA phase ( ® gure 3 (b)), the permit-

¾ =
d

dz
; h=h

v
at z=0,1; D2=

Kd2

2p2A
; F2=

C

4p2A
.tivity values are: e)LC= (2 2́037, 1 0́ Ö 10 Õ 6 ); e

dLC=
(2 6́988, 3 0́ Ö 10 Õ 6 ) .

In general it is not possible to solve this systemOn cooling, a small s to p conversion signal becomes
analytically; it has to be undertaken by numerical integ-evident at T=58 ß C signalling the SmA to SmC* phase
ration. However an analytical solution is possible whentransition. In the SmC* phase, ® ts of theory to s to p
F2=0; in this case the previous equation reduces to:conversion re¯ ectivity data are obtained for various

temperatures ( ® gure 4) using the tilt and twist director
pro® les across the cell as indicated in ® gure 5. In order (h ¾ )2=

D2 cos4 h

2sin2 h
(2cos2 h0 Õ cos2 h Õ cos2 hm )

to obtain the correct ® tting, the model requires that a
region near the lecithin coating has a lower tilt angle (cos2 hm Õ cos2 h) ; (3 )
than the bulk layer. These results are satisfactorily
explained by the compressible continuum theory for where hm=h(D ) is the tilt angle in the centre of the cell.

The expression for h ¾ assumes h ¾ =0 in the centre; thisSmC* LC [6]. In this theory the liquid crystal is
represented as having a unit director n, and in order to is a natural assumption to make requiring on both

boundary plates h=h
v

, thus h must be symmetric arounddescribe such a phase one must specify the spatial
variation of the vectors characterizing the layer normal the middle of the layer. The solution, following from the
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732 A. Mazzulla and J. R. Sambles

Figure 7. Comparison of the ® tted
tilt angle pro® le (crosses) to the
compressible continuum theory
(solid line). From the top: T=
50 ß C, D=14; T=40 ß C, D=14
and T=30 ß C, D=6.
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733Continuum theory of ferroelectric L C

Table.preceding simple assumption, gives h in the form:

Temperature/ ß C Pitch/mm D

P h
v

h
m

sin h

m (h) cos2 h
dh=

D

23/2 , (4 )
50 48 14
40 45 14
30 42 6where

m (h)=[(cos2 h Õ cos2 hm )
4. Conclusions

The half leaky guided mode technique provides(cos2 h+cos2 hm Õ 2cos2 h0 )]D .
detailed information on the optical permittivity tensor

The constant F2 is proportional to the elastic constant and the director con® guration in a thin homeotropically
for the c-director deformation energy. In the SmC sample aligned ferroelectric liquid crystal cell. By careful ® tting
the tilt angle is expected to be h0 in a large portion of of multilayer theory to data in both the nematic and the
the sample. Since K is the elastic constant associated SmA phase, we ® nd that the density wave normal is
with compression of the layers as well as the deviation of everywhere perpendicular to the cell walls. In the SmC
h from h0 , the in¯ uence of the compression dilation phase, the numerical solution of the tilt angle pro® le
energy in W is much greater than that of the c-director obtained by the continuum theory of compressible layers

is in good agreement with the ® tted solution. Thiscontribution, i.e. Kd2 &C. As such, the assumption that
con® rms the compressible continuum theory and alsoF2=0 allowing one to calculate an analytical solution
provides information on the helical pitch and the elasticis a physically realistic one. Furthermore the numerical
constant ratio, D, as a function of temperature.results verify that the solutions for F2=0 and F2 Þ 0 are

The authors are appreciative of the ® nancial supportqualitatively similar.
of the Scienti® c Network on Ferroelectric LiquidIn the SmC* phase a numerical solution of the tilt
Crystals Ð EC Program Human Capital and Mobility,angle pro® le from equation (4) is obtained: the integra-
and acknowledge helpful discussion with G. McKay andtion limits h0 and h

v
determined from data ® tting are

F. M. Leslie.® xed, then the D value is varied to achieve the tilt angle
distributions that match the ® tted ones ( ® gure 7).
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