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LIQUID CRYSTALS, 1995, VOL. 18, No. 5, 723-731 

Pretilt angle measurements on smectic A cells with chevron 
and tilted bookshelf layer structures 
by J. J. BONVENTt, J. A. M. M. VAN HAAREN*, G. CNOSSEN, 

A. G. H. VERHULST and P. VAN DER SLUIS 
Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA Eindhoven, 

The Netherlands 

(Received 21 March 1994; in final form 14 July 1994; accepted 15 August 1994) 

We have measured the pretilt angle induced by rubbed polymer films in a smectic A and in a 
nematic liquid crystalline medium using an optical phase retardation method. The pretilt angle 
was found to depend on the liquid crystalline phase (smectic A versus nematic) and on the smectic 
layer structure (chevron versus tilted-bookshelf). The occurrence of the different smectic layer 
structures was verified by X-ray diffraction measurements. The effect of the applied rubbing 
energy on the pretilt angle obtained is measured. 

1. Introduction 
Rubbing of polymer layers to induce liquid crystal 

alignment is a standard technique in liquid crystal display 
technology. In the nematic phase, the liquid crystal 
molecules are aligned parallel to the rubbing direction, 
while making a certain angle with the orienting surface 
(pretilt angle). A non-zero pretilt angle is essential for 
proper electro-optical performance of many types of 
displays. The pretilt angle affects, amongst other factors, 
the transmission-voltage curve [ 13, the occurrence of 
reverse-tilt domains [ 2 ] ,  the presence of zigzag defects in 
ferroelectric liquid crystal displays [3] and the multiplex 
ratio of supertwisted nematic displays [4]. Measurements 
of the pretilt angle are therefore of practical interest [5 ,6] .  
Generally, these measurements are performed on a 

I rubbing direction - I 
I \>'< 

, .--..>a: r . . .: '< 
c- rubbing direction 

Figure 1. Nematic liquid crystalline material aligned in a cell 
whose two orienting surfaces have been rubbed in anti- 
parallel directions. The cell thickness d and the pretilt 
angle Op are indicated. 

t Present address: Universid degli Studi della Calabria, 
Dipartimento di Fisica, 87036 Arcavacata di Rende (CS), Italy. 

* Author for correspondence. 

homogeneously aligned nematic liquid crystal, because it 
is then easy to obtain a uniformly aligned sample (see 
figure 1). Some authors [7] assumed that the pretilt angle 
in the smectic phases (smectic A or chiral smectic C) is 
equal to the pretilt angle induced in a nematic liquid 
crystalline material, aligned with the same and identically 
rubbed polymer layer. Others have reported a dependence 
on the liquid crystal phase [8]. Different mechanisms for 
the generation of a pretilt angle have been proposed: steric, 
polar, and (dispersive) van der Waals interactions between 
the rubbed polymer surface and the liquid crystal 
molecules [9]. In general, the pretilt angle depends on the 
molecular structure of the orienting polymer, the molecu- 
lar structure of the liquid crystal and on the liquid 
crystalline phase (nematic or smectic). To obtain a better 
understanding of the effect of the smectic layer structure 
on the pretilt angle, it is necessary to determine the pretilt 
angle directly in the smectic phase. 

In this paper we present the results of pretilt angle 
measurements performed on the smectic A phase using an 
optical-phase retardation method [ 101. Two different cell 
configurations were used to align a smectic A material: 
parallel and antiparallel rubbing directions of the two 
aligning surfaces. As known from the literature [ll-141, 
the antiparallel configuration leads to a tilted-bookshelf 
layer structure (see figure 2), whereas the parallel 
configuration leads to a chevron layer structure (see 
figure 3). We verified this for our smectic A material by 
means of X-ray diffraction experiments. Analytical 
descriptions of the functional form of the phase retardation 
are presented for both smectic layer structures. These 
descriptions are used to derive the pretilt angle from the 
experimental data by means of a fitting procedure. The 
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724 J. J .  Bonvent et ul. 

effects of the applied rubbing strength on the pretilt angles 
obtained for the two different smectic layer structures and 
for the nematic phase are compared. 

2. Experimental 
2.1. Liquid crystal cells and optical-phuse retardation 

set-up 
The cells used consisted of liquid crystalline material 

between two IT0  covered glass plates whose inner 
surfaces were coated with rubbed polyimide films. The 
rubbing was done with the aid of a machine similar to the 
one described by Becker et al. [lS]. It consisted of a 
velvet-coated drum rotating at a constant speed, which was 
transported over the polyimide layer at a constant speed. 
The rubbing strength was controlled via the pile im- 
pression of the velvet on the substrate [16, 171. The two 
substrates were assembled with the rubbing directions 
either parallel or antiparallel. 

A constant cell gap of 1 6 p m  was maintained with 
the aid of quartz spacer beads. The spacer beads were 
applied by means of spincoating from a suspension of 
the spacer beads in propan-2-01 on  one of the 
substrates. 

The optical-phase retardation was measured for these 
liquid crystal cells as a function of the angle of incidence 
of a laser beam (wavelength 632.8nm) in a set-up 
described in [lo]. The pretilt angle can be derived from the 
measured data by means of a fitting procedure using a 
model for the liquid crystal structure. This will be 
discussed in $3. For nematic liquid crystal layers and 
antiparallel rubbing directions, the structure is assumed to 
be that with the lowest deformation energy, that is the one 
in which the director tilt equals the surface pretilt over the 
entire cell thickness. In this case, the accuracy of the pretilt 
angle derived from the data measured in our set-up is 
typically within 0.1 O .  

The nematic material used was 4'-n-pentyl-4-cyano- 
biphenyl (5CB). The smectic A material used was S5,  
which is a mixture of cyanobiphenyl and cyanoterphenyl 
compounds. Both materials were provided by Merck 
Ltd. (Poole, U.K.). The phase sequences of these materials 
are: 

5CB: 
S 5 :  

C (23~5°C) N (35.5"C) I 
C (1°C) S A  (55.5-55.7"C) N (57.5-61°C) I. 

The ordinary and extraordinary refractive indices are 
respectively 1.531 and 1.709 for 5CB [IS], and 1.509 and 
1.699 for S5  [191. 

The cells were filled with the liquid crystalline material 
in the isotropic phase and were slowly cooled to room 
temperature (1 "C min - '). For both materials a homoge- 
neous alignment was obtained. 

2.2 .  Experimentul determination of the smectic layer 
Ftrrdcture 

Before it is possible to derive values for the pretilt angle 
from the measured optical-phase retardation data, the 
liquid crystal structures in our smectic cells have to be 
identified as tilted-bookshelf (see figure 2 )  or chevron- 
type (see figure 3 )  structures. To this end we performed 
X-ray diffraction experiments and made observations by 
microscopy. 

The X-ray diffraction measurements were carried out 
using a Philips PW3020 Goniometer with a divergence slit 
of 0.25", a receiving slit of 0-2mm and an anti-scatter slit 
of 0.25". A normal Cu long fine focus tube running at 
45 kV and 45 mA was used. Because the X-rays hit the 
sample at a high angle of incidence (cp) and the diffraction 
angle (28) is low, the measurement is actually in 
transmission (see inset of figure 4). Due to this 
non-focusing geometry, the 20 resolution is limited to 
0.5". The zero points of the cp and 28-axis were determined 
to within 0.025" by scanning cp versus 20 with the sample 
parallel with the X-ray beam and optimizing the 
sample shadow. The substrate thickness of the cells used 
for X-ray measurements was 150pm. The cell gap was 
4.6 pm. 

Figure 2. Smectic A liquid crystalline material with a 
tilted-bookshelf layer structure in a cell whose two 
orienting surfaces have been rubbed in antiparallel direc- 
tions. The layer tilt angle CI and the pretilt angle 8, are 
indicated. 

rubbing direction - 

rubbing direction - 
face 

Figure 3. Smectic A liquid crystalline material with a chevron 
layer structure. The two orienting surfaces of the cell have 
been rubbed in parallel directions. Indicated are the layer 
tilt angle x ,  the surface pretilt angle Up,, the cell thickness 
d and the distance between the chevron interface and one 
substrate d ~ .  
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Pretilt angle in the smectic A phase 725 

i I I I I 

-30 -20 -10 0 10 20 30 

angle of incidence cp/deg - 
Figure 4. X-ray diffraction profiles of the smectic A liquid 

crystal material S5 oriented in cells for which the rubbing 
directions of the alignment layers were antiparallel (upper 
curve, tilted-bookshelf layer structure) or parallel (lower 
curve, chevron layer structure). The inset shows a 
schematic of the X-ray diffraction set-up. 

The presence of the tilted-bookshelf layer structure in 
cells with antiparallel rubbing directions was confirmed by 
these measurements. The result is shown in figure 4 (upper 
curve). A single diffraction peak is observed at an angle 
of - 17'. Microscopic observations showed a uniform 
appearance without defect lines. 

X-ray diffraction experiments on the parallel rubbed 
cells showed peaks at + 10" and at - 7" (lower curve in 
figure 4). A small asymmetry (25 per cent) in peak heights 
is noticed. The occurrence of two peaks is characteristic 
for the chevron layer structure (see figure 3) [ l l ,  12, 
20-221. In these cells with a chevron-type layer structure, 
focal-conic defects are observed. The appearance of these 
focal-conic defects is attributed to the relaxation of strain 
at the chevron interface and at the aligning surfaces [22]. 
The direction is determined by the chevron orientation. 
Zigzag defect lines mark boundaries between areas with 
opposite directions of the focal-conic defects. We used 
these cells to determine the relation between the rubbing 
axis and the chevron direction as inferred from the 
focal-conic defect orientation. A homogeneously aligned 
smectic A texture free of zigzag defects was obtained by 
the use of a polyimide alignment layer that induces a high 
pretilt angle (=  10") in the case of nematics. For this 
orientation layer, the direction of the chevron tip is 
opposite to the rubbing direction. 

3. Model systems and calculations 
3.1, The phase retardation method 

A nematic or a smectic A medium can be uniaxially and 
homogeneously aligned between two substrates rubbed in 
antiparallel directions (see figures 1 and 2). A light beam 
passing through this birefringent medium is split into an 
ordinary and an extraordinary beam, each propagating 
independently and with a different velocity. The phase 
retardation of the extraordinary beam with respect to the 
ordinary beam depends on the optical anisotropy and the 
direction of the optical axis of the liquid crystalline 
medium, the cell thickness and the angle of incidence 
(angle of the incident light beam with respect to the axis 
normal to the cell substrates). The angle between the 
optical axis and the aligning substrate is defined as the 
pretilt angle. 

The direction of the optical axis can be determined by 
measuring the phase retardation as a function of the angle 
of incidence. In this so-called phase retardation method 
[lo], which is based on the crystal rotation method IS], the 
angle of incidence is varied by rotating the cell around an 
axis which is perpendicular to the plane of incoming and 
outgoing beams. This plane also contains the optical axis 
of the liquid crystal layer. The values for the prekilt angle 
and the cell thickness were derived by fitting the analytical 
expression for the angular dependence of the phase 
retardation to the measured curve. Only the extraordinary 
refractive index and the ordinary refractive index of the 
liquid crystalline medium at the measuring wavelength 
were then required. The phase retardation method is 
therefore a fast and simple technique for measuring the 
pretilt angle with a high degree of accuracy, regardless of 
the pretilt angle size or the cell thickness. 

3.2. Nematic model system 
The simplest system for pretilt measurements is the 

nematic phase confined in a planar cell with antiparallel 
rubbing directions of the top and bottom substrates. A 
uniform direction of the optical axis throughout the cell is 
then obtained (see figure 1). 

The phase retardation ( 6 )  induced by this nematic 
medium is given by the following expression [4]: 

sin 0, cos 0, sin cp 

nd2e + ~ n2 V ( n 2  - sin2 cp> - 

with 

n2 = n; cos2 0, + na sin2 O,, (2) 

where d denotes the liquid crystal layer thickness, cp the 
angle of incidence with respect to the substrate normal, 8, 
the pretilt angle, ,i the wavelength, no the ordinary and ne 
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726 J. J. Bonvent et al. 

the extraordinary refractive index. The angle of incidence 
at which the maximum phase retardation is obtained is 
determined by the value and sign of the pretilt angle. The 
magnitude of the phase retardation is linearly dependent 
on the layer thickness. 

The layer thickness and the pretilt angle of the liquid 
crystal sample can be unambiguously determined by 
fitting equation (l), using d and 8, as fitting parameters 
[lo], to the measured curve. 

3.3. Srnectic A lilted-bookshelf layer model 
A few groups [S, 23,241 have performed pretilt mea- 

surements on smectic media with the tilted-bookshelf 
layer structure. The tilted-bookshelf layer structure can be 
obtained by rubbing the two aligning surfaces in opposite 
but parallel directions (see figure 2). This has been 
observed in the case of high-pretilt polyimide layers [13], 
as well as in the case of obliquely evaporated SiO, [ 141. 
For this structure, in order to calculate the optical phase 
retardation, we again assume a homogeneous, tilted layer 
structure with a constant angle between the director and 
the cell surfaces throughout the cell (see figure 2). 
Therefore, the measured relation between the phase 
retardation and the angle of incidence can be described 
by equation (l) ,  as in the nematic model. The pretilt 
angle and the cell thickness can be determined with 
the same accuracy as in the case of the nematic 
system. 

3.4. The smectic A chevron layer model 
The chevron layer structure (see figure 3) can be 

obtained in the smectic A phase by rubbing the two 
aligning surfaces in the same direction. The presence of 
the chevron layer structure can be shown by X-ray 
measurements [ 1 1,12,20-221 and is recognizable by 
focal-conic defects [22] or by zigzag defects [ l l] .  The 
bending plane of the smectic layers (chevron interface or 
chevron tip) is parallel to the cell substrates. The 
symmetric chevron structure is characterized by a chevron 
interface in the middle of the cell. X-ray measurements can 
yield an indication of the degree of symmetry of the 
chevron layer structure 1251. 

In order to be able to estimate the pretilt angle in a cell 
rubbed in parallel directions, a model is required which 
takes into account the chevron layer structure. We 
therefore divided the liquid crystal layer into two parts of 
thicknesses d1 and d - d1 (see figure 3), where d is the cell 
thickness and Q the distance from the chevron tip to one 
of the substrates. Each part corresponds to a uniformly 
tilted layer structure, with opposite tilt directions and 
opposite pretilt angles. When the sample is inserted into 
the phase retardation set-up, the incident light beam passes 
through the liquid crystalline medium and emerges at the 
other side with a phase shift which is the sum of the phase 

retardation contributions of the two birefringent parts of 
the cell: 6 = 6 + + 6 - , with 

sin 8, cos 8, sin cp 
A 

The total phase retardation 6 can now be calculated and is 
expressed by 

' 2  n; - n, 
n2 

( 2 4 -  1)- sin 8, cos 6, sin cp 

where dtlP = dl/d defines the relative chcvron inter- 
face position in the liquid crystalline medium 

At the chevron interface, the molecules are parallel to 
the cell substrate, as a result of which thc pretilt angle is 
locally zero. At the aligning surfaces, the molecules adopt 
an angle Ops. The value of this surface pretilt angle 8,, 
depends on the interaction with and the morphology of the 
aligning surface, as well as on the elastic interactions with 
the liquid crystal molecules in the bulk. The angle between 
the optical axis and the substrate surface therefore varies 
from OPs at the surface to zero degrees at the chevron 
interface and equation (5) must be modified to account for 
this. 

In order to describe the splayed variation in pretilt angle 
across the cell, we assume the relation 0, = dPs( 1 - zp) to 
hold, where the exponent p is a positive number and z 
ranges from 0 at the aligning surface to 1 at the chevron 
interface. For p = 1, the variation of the pretilt angle from 
the surface to the chevron interface is linear. For 0 < p < I ,  
the part of the director profile with the strongest splay 
deformation is near the surfaces, while for /3> 1, the 
strongest splay is found near the chevron tip. An increase 
in the exponent 0 implies a decrease in the thickness of 
the chevron interface region. For p going to infinity, the 
thickness of the chevron interface region vanishes. In this 
case, the chevron structure corresponds to a constant 
pretilt angle on both sides of the chevron interface 
(0, = Ops) and consequently to a discontinuous transition 
of the pretilt angle at the chevron interface. By dividing 
the upper and lower parts of the chevron into N sublayers 
of thickness dl/N and (d - dl)/N, respectively, with each 
sublayer having its own pretilt angle 6,' the phase 

(0 < drip < 1). 
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Results of the calculation of the phase retardation as 

a function of the angle of incidence for a smectic A material 
with an asymmetric chevron layer structure (dtip = 0-55). 
The surface pretilt angle B,, was fixed at lo", whereas the 
exponent B was varied (W, p = &; 0, B = +; 0, b = 1 .  I ,  A 
B = 2 ;  + , B = 4 ;  X,P=8 ;U ,b=  m).Thecellthickness 
d was 1.6pm and the number of sub-layers N was 100. 

Figure 5. 

retardation, as a function of the surface pretilt angle Ops, is 
calculated to be 

retardation on the cell thickness. The two other para- 
meters, @, and dtiP, determine the exact position of the 
maximum of the d ( q )  curve. As is shown in figure 6 and 
figure 7, the phase retardation decreases with an increasing 
surface pretilt angle. For the asymmetric chevron struc- 
ture, i.e. dhP # +, a variation in pretilt angle also causes 
a horizontal shift of the phase-retardation curve (see 
figure 7). The phase-retardation measurements make it 
possible to distinguish between a symmetric chevron 
structure and an asymmetric one. 
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Calculated values of the phase retardation as a 

function of the angle of incidence for a smectic A material 
with a symmetric chevron layer structure (dtip=*). The 
exponent was fixed at 4, whereas the surface pretilt 
angle B,, was varied (0, 0, = 0"; A, 8,, = 5'; + , B,, = 10'; 
X , Qps = 15'). The cell thickness d was 1.6 pm and the 
number of sub-layers N was 100. 

Figure 6. 

If the number of sublayers N is set to 1 ,  we obtain the same 
situation as for p is infinite. In this case the phase 
retardation is expressed by equation (5). 

Figure 5 presents the results of a computer calculation 
of the phase retardation as a function of the angle of 
incidence for different values of p in the case of an 
asymmetric chevron structure (dtip = 0.55) and a fixed 
surface pretilt angle (tips = loo). The number of sublayers 
was taken to be so large (N = 1 0 0 ,  corresponding to 200 
sublayers in the entire cell gap) that a further increment of 
N no longer led to an observable change in the calculated 
curve. 

As for the nematic model, the above equation for the 
chevron model yields a linear dependence of the phase 

U J  
0, 

C 
0 
m 

m 

9 
.- c 
P 
z? 
c 

al 
m 

(1 

r 0 155 1 
150 

-30 -20 -10 0 10 20 30 

angle of incidence Ideg - 
Calculated results for the phase retardation as a 

function of the angle of incidence for a smectic A material 
with an asymmetric chevron layer structure (drip = 0.55). 
The exponent p was 4, whereas the surface pretilt angle O,, 
was varied (0, OPs = 0"; A, O,, = 5"; + , Q,, = 10"; X , 
OPs = 15"). The cell thickness d was 1.6 pm and the number 
of sub-layers N was 100. 

Figure 7. 
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The three unknown independent parameters (d, Qpb, dtip) 
are determined with the aid of a fitting procedure using 
equation (6) and assuming the exponent B to have a certain 
value to be specified in 54.2.2. It turned out to be 
convenient to apply a hyperbolic scaling of these para- 
meters 

d irT + d r  exp ( - 2X,ip) 
( 1  + exp ( - 2xllp>> 

' (7) d .  = 
t'P 

and 

(9) 
+ dmn exp ( - 2Xd) d =  

(1 + exP( - 2xd)) 
' 

in which XO, XtlP and xd are the new fitting parameters and 
d,,,, d,,, O r ,  OK", d r  and dfia depend on the sample 
preparation conditions. For example, equztion (7) with 
d = 0 and d = 1 ensures that the chevron interface 
lies inside the cell. 

4. Experimental results 
First, we performed phase retardation measurements 

using empty cells without alignment layers. The average 
phase retardation measured for different angles of inci- 
dence was -0 .15  20.22". This low value can be 
attributed to the small intrinsic birefringence of the cell. 
It shows that the contribution of the cell substrates to the 
measured phase retardation is low. 

4.1. Pretilt angle measurements for  the nematic phase 
In order to be able to compare the pretilt angle in the 

smectic A phase with that in the nematic phase, we 
measured the pretilt angle for 5CB using the same 
alignment conditions as for S5 (spacer bead diameter, 
alignment layer and rubbing strength). 

Figure 8 presents the measured phase retardation versus 
the angle of incidence for 5CB at different rubbing 
strengths. The rubbing strength was enhanced by increas- 
ing the pile impression. The pretilt angle was determined 
by fitting equation (1) to the measured curve. The 
dependence of the pretilt angle on the pile impression is 
plotted in figure 1 1. The pretilt angle was found to increase 
with decreasing rubbing strength, which is in accordance 
with the literature 1261. 

4.2. Pretilt angle measurements in the smectic A phase 
4.2.1. Smectic A tilted-bookshelf structure 

Figure 9 shows the measured phase retardation curves 
obtained for smectic A cells rubbed in antiparallel 
directions for different pile impressions. The pretilt 
angle was determined by fitting equation (1) to the 
measurements (nematic model) and the results are plotted 
in figure 1 1. As in the case of the nematic phase, the pretilt 
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Results of the measurement of the phase retardation 

as afunction of the angle of incidence for the nematic liquid 
crystal 5CB. The results obtained for the different pile 
impressions used during the rubbing are shown (Q0.2 mm; 
0 , 0 . 3  mm; A, 0.4 mm). The solid lines are the fitted curves 
obtained using equation (1). 

Figure 8. 
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Results of the measurcment of the phase retardation 

as a function of the angle of incidence for the smectic A 
liquid crystal S5 with a tilted-bookshelf layer structure. The 
results obtained for the different pile impressions used 
during the rubbing are shown ( 0 , 0 . 2  mm; A, 0.3 mm; 0, 
0-4mm;). The solid lines are the fitted curves obtained 
using equation ( 1 ) .  

Figure 9. 

angle decreases with increasing rubbing strength. The 
pretilt angle determined for the tilted-bookshelf layer 
structure was found to be higher than in the case of the 
nematic phase. 

4.2.2. Smectic A chevron layer structure 
The measurements performed on smectic A cells with 

parallel rubbing directions show a dependence of the phase 
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Results of the measurement of the phase retardation 

as a function of the angle of incidence for the smectic A 
liquid crystal S5 with a chevron layer structure. The results 
obtained for the different pile impressions used during the 
rubbing are shown (0, 0-2mm; A, 0.3mm; 0, 0.4mm;). 
The solid lines are the fitted curves obtained using equation 
(6), with f l =  4 and N = 100. 

Figure 10. 

retardation on the angle of incidence that differs from the 
dependence for cells with antiparallel rubbing directions. 
The curves measured for different pile impressions of the 
rubbing cloth used are presented in figure 10. The shape 
of the measured curves is characteristic of the chevron 
layer structure and is in agreement with the results of the 
calculations (see 0 3.4). All the curves show a small degree 
of asymmetry which is independent of the pile impression. 

As follows from 0 3.4, the surface pretilt angle obtained 
from the phase retardation measurements depends on the 
value of the exponent /3 used. Model calculations showed 
that for small pretilt values and a small chevron asymme- 
try, a change from /? = 4 to /3 = + has a small effect on the 
calculated curves for the phase retardation as a function of 
the angle of incidence. For dtip = 0.55 and O,, = 5 O ,  the 
calculated phase retardation for these two /? values differed 
by at most 0.6" over the range of incidence angles 
considered here. A value of /? < 1 would mean a relatively 
thick central part with small tilt values. The corresponding 
X-ray diffraction peak (see figure 4, lower curve) in this 
tilt angle range was observed to be small. Therefore we 
chose to do our analysis with director profiles with > 1. 
So in our model, the region with the strongest splay 
deformation is near the chevron tip. Values for the 
exponent p ranging from 4 to infinity would only slightly 
influence the deduced value of the surface pretilt angle (by 
less than 2"). The magnitude of was taken to be 4. 
However, it must be noted that our measurement technique 
is not particularly suited to infer conclusions on the 
variation of the director orientation across the cell's 
thickness, as the measured phase retardation is a sum of 
the contributions of the sub-layers in the cell, irrespective 
of the order in which these sublayers are stacked. 

The surface pretilt angles (0,J determined via a fit to the 

" 
0.2 0.3 0.4 

pile impression /mm - 
Pretilt angles determined from the phase retardation 

measurements as a function of the pile impression for the 
nematic liquid crystal 5CB (A) and the smectic A material 
S5 with a tilted-bookshelf layer structure (0) and a chevron 
layer structure (0). 

Figure 1 1. 

experimental data are presented in figure 11. The results 
show that the surface pretilt angle is less dependent on the 
rubbing strength than in the case of the nematic or the 
tilted-bookshelf smectic A phase. Furthermore, the sur- 
face pretilt angle was found to be smaller than the pretilt 
angles obtained for the nematic and the tilted-bookshelf A 
phases. This last result agrees with the results recently 
obtained by Elston [27]. 

In the fitting, the position of the chevron interface dti, 
was found to lie away from the middle of the cell. A value 
of dtip of 0.55 2 0.03 was obtained. The position of the 
chevron interface was found to be independent of the 
rubbing strength. 

5. Discussion 
We have measured the pretilt angle in the smectic A 

phase and have compared the results with similar 
measurements on identical cells filled with a nematic 
liquid crystal. Differences were found. In the first part of 
this section, the results for the tilted bookshelf smectic A 
cells are compared to those of nematic cells. In the second 
part, the differences between the two types of smectic A 
cells will be discussed: The tilted-bookshelf and the 
chevron-type cells. 

The occurrence of the tilted-bookshelf layer structure 
in antiparallel rubbed smectic A cells was proven by X-ray 
diffraction (see figure 4). The phase-retardation curves 
obtained for this smectic A tilted-bookshelf layer structure 
can be analysed using the same model as that used for the 
nematic phase. It was found that the pretilt angle in the 
smectic A tilted-bookshelf structure was higher than that 
obtained for the nematic phase. The pretilt angle therefore 
seems to depend on the liquid crystalline phase. It needs 
to be considered that the chemical composition of the 
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smeclic A ( S 5 )  and of the nematic material (5CB) was 
different. Whereas 5CB consists of cyanobiphenyl meso- 
genic units, the smectic A material is a mixture of 
cyanobiphenyl and cyanoterphenyl compounds. This 
difference in chemical composition may have caused a 
small difference in pretilt angle, but we think that this is 
insufficient to explain the large difference measured. 

The pretilt angle determined from the optical-phase 
retardation measurements differs from the angle at which 
the X-ray diffraction peak in the upper curve of figure 4 
appears. This may be explained by the observation that the 
direction of the optical axis, that is measured in the phase 
retardation experiment, differs from the direction of the 
mechanical axis that is probed in the X-ray diffraction 
measurements. The difference between these directions 
(i.e. the principal axis of the optical tensor and the axis of 
the least moment of inertia) depends on the conformation 
of the alkyl chain in the molecules and its absolute value 
is expected to be in the range of 0-10" [28] .  From our 
measurements we derive a difference of - 4". 

The results of the phase retardation measurements on 
the smectic A chevron structure, as indicated by two X-ray 
diffraction peaks (see figure 4), have to be analysed using 
a model that makes allowance for the change in pretilt 
angle between the aligning surface and the chevron 
interface. The significant difference between the pretilt 
angles measured in the chevron layer structure (5O) and 
those in the tilted-bookshelf structure (13") indicates a 
dependence of the pretilt angle on the liquid crystal layer 
structure. With respect to the dependence of the pretilt 
angle on the rubbing strength, we conclude that the pretilt 
is primarily determined by bulk properties of the liquid 
crystal layer (thermal shrinkage of smectic layer thick- 
ness). This agrees with literature results [29] that indicate 
only a small influence of the orientation layer material on 
smectic layer tilt angles, as measured with X-ray diffrac- 
tion. Again, we find a difference between the surface 
pretilt angle (lower curve in figure 11) and the position of 
the X-ray diffraction peaks. The sign and magnitude of this 
difference agrees with the corresponding difference found 
for the tilted-bookshelf cells. 

The director in the smectic A phase is preferentially 
aligned parallel to the layer normal. Therefore the chevron 
structure is highly strained at the chevron interface. A 
transition region will exist at the aligning surface, in which 
the tilt of the molecules varies from the surface pretilt 
value to zero at the chevron interface. The surface value 
will depend on the bulk elastic constants and on the 
anchoring energy of the molecules to the surface. In the 
case of weak anchoring, the chevron structure will alter the 
surface pretilt angle. As follows from the results of our 
experiments, this means that the surface pretilt angle is 
smaller in the chevron layer structure than that in the 
tilted-bookshelf layer structure or that in the nematic 

phase. This observation is in agreement with the results 
recently published by Elston [27], who measured the 
surface pretilt angle in splayed nematic and smectic A 
materials with substrates inducing high-pretilt angles 
using optical-mode techniques. The transition region, in 
which the pretilt angle varies from the surface value to the 
bulk value, was determined to be 0.5 pm thick [27]. Tn our 
model, presented in 8 3.4, we used = 4, and in that case 
the pretilt angle decreases to 90 per cent of its surface value 
in approximately 0.5 Fm. 

A small degree of asymmetry was observed in the 
optical-phase retardation measurements and in the X-ray 
diffractogram of the chevron-type cells. This is indicative 
of an asymmetric director profile in the cell; it may have 
been caused by an asymmetry in the cell-production 
process, for example in the spin coating of the spacer beads 
from a propan-2-01 suspension on to one of the substrates. 
In our fitting model, the asymmetry in the phase 
retardation curves is interpreted as a shift of the chevron 
interface a short distance away from the centre of the cell 
(dtlP = 0.55). This agrees with the observed difference in 
heights of the X-ray diffraction peaks. However, another 
possibility would be to allow for different pretilt angles at 
the aligning surfaces. This too would be in accordance 
with the X-ray measurements. We tested this in model 
calculations. It turned out to be possible to generate a 
similar asymmetry in the curves by varying the surface 
pretilt angles and keeping the chevron interface at the 
centre of the cell. The effect of a shift of the chevron 
interface of 10 per cent, which is the degree of asymmetry 
that was derived from our measurement data, would 
correspond to 25 per cent variation in the surface pretilt 
angles in the case of a chevron with its interface fixed at 
the centre of the cell. Yet another possibility, of course, is 
to allow variations in both the surface pretilt angles and the 
chevron tip position. In that case, the fitting procedure 
would involve four fitting parameters. We tried to fit our 
data with those parameters, but it turned out to be 
impossible to arrive at conclusive values for these 
parameters from our measurement results. Apparently, the 
type of curves that we have measured is not suitable for 
a four-parameter fitting procedure. We chose to use equal 
surface pretilt values for both chevron segments and used 
the chevron interface position to account for the asymme- 
try in the cell. 

One way of studying the effect of the chevron structure 
on the surface pretilt in more detail is by varying the 
temperature. As the chevron angle (u)  is temperature-de- 
pendent, pretilt angle measurements at elevated tempera- 
tures will demonstrate more clearly the influence of the 
chevron structure. Pretilt angle measurements in the 
nematic phase of S5 could give more information on the 
effect of the liquid crystalline phase on the pretilt angle. 
We performed these measurements, but the lack of data on 
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the refractive indices at higher temperatures prohibited 
interpretation of the results. 

6. Conclusions 
As shown by the results of measurements using the 

phase retardation method, the pretilt angle in the smectic 
A phase depends on the layer structure. The pretilt angle 
was found to be smaller in the case of the chevron layer 
structure than in the case of the tilted-bookshelf layer 
structure. 

An effect of the liquid crystal phase was also observed. 
The pretilt angle appeared to be smaller in the nematic 
phase than in the tilted-bookshelf smectic A phase. Care 
should be taken in deducing pretilt angles for smectic 
materials from the results of measurements performed 
using nematic liquid crystals. 

We are grateful to C. J. Gerritsma for helpful discus- 
sions and suggestions. We also wish to thank G. T. Jaarsma 
for his help in computing, A. H. Bergman for improve- 
ments of the measuring set-up and G. G. H. van de Spijker 
and W. A. M. Brankaert for their support in preparing the 
cells. 
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