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New ways to produce and measure low pre-tilt angles 
by J. T. GLEESON 

Department of Physics and Astronomy, The University of Calgary, 
Calgary, AB, T2N lN4, Canada 

(Received 1 I September 1995; accepted 14 November 1995) 

We report upon a new method for producing a homogeneous alignment with a low pre-tilt 
angle for nematic liquid crystals. This method is significantly simpler to implement than many 
existing methods, and requires knowledge of only the optical properties of the liquid crystal 
used. In addition, we have developed a new technique for measuring the pre-tilt angles that is 
straightforward as well as intuitively appealing. The sensitivity of this method increases as the 
pre-tilt angle decreases. Results obtained using this method agree satisfactorily with those 
yielded by traditional techniques. 

1. Introduction 
Producing homogeneous (planar) alignment of nema- 

tic liquid crystals with a low pre-tilt angle is a crucial step 
in almost every type of liquid crystal display. It also is 
often the critical difference in obtaining well-controlled, 
reproducible results in a programme of experiments 
studying liquid crystals. For these reasons, from the very 
beginning of the modern era of liquid crystal research, 
much attention has been paid to alignment technique [l]. 
One ubiquitous characteristic of homogeneous align- 
ment is that the nematic director is rarely if ever exactly 
parallel to the aligning substrate, but tipped at a (usually 
small) angle Ot, the pre-tilt angle. Frequently this angle is 
not known, even though several ingenous methods have 
been devised to measure it [2]. Although effective, some 
of these methods can be either cumbersome to imple- 
ment, requiring special configurations of apparatus, or 
can require detailed knowledge of the physical par- 
ameters of the liquid crystal. We report a new method of 
measuring the pre-tilt angle that not only requires no 
sophisticated apparatus but can actually be used with the 
standard set-up used for characterizing many types of 
liquid crystal displays. Moreover, this method requires 
only that one know the ordinary and extraordinary 
refractive indices of the liquid crystal. 

2. Calculations 
The main premise of our method of calculating 0, is 

that any non-zero pre-tilt will have a measurable effect 
on the onset of the splay Freedericksz transition. This 
phenomenon is well known [3];  in this paper we examine 
it in detail and exploit it in order to measure the pre-tilt 
angle. Moreover, by looking only at onset the mathema- 
tics becomes considerably simpler. More importantly, we 
believe this analysis lends itself to a more intuitive under- 
standing than do competing methods. We employ the 

usual notation for the splay Freedericksz transition, 
where the director remains in the x-z plane and the 
destabilizing field is in the 2 direction. For zero pre-tilt, 
the undistorted configuration is ri 11 3. The distortion of 
the director is determined by its angle 8, with the x axis. 
We assume spatial uniformity in the x direction, so 8 is a 
function only of z. The nematic is confined between two 
infinite planes, both normal to the z axis, and separated 
by a distance d. The pre-tilt angle specifies the boundary 
conditions, 8(z = 0, d )  = k 8,. 

It is important to look carefully at  the director con- 
figuration in zero applied field. When 8, = 0, we have the 
trivial solution B(z) = 0. For finite pre-tilt, there are two 
distinct cases. The first, and that most commonly found, 
is when the two substrates are arranged so 8, is the same 
on both surfaces. When one uses rubbing techniques, this 
is obtained by placing the substrates together so that the 
rubbing direction is anti-parallel on the two substrates. 
For this more important case, the zero-field, equilibrium 
director configuration is O(z) = 0,. We shall refer to this 
situation as symmetric. The second, where 8, has the 
opposite sign on opposing substrates, obtained by plac- 
ing substrates together so that their rubbing directions 
are parallel, is less commonly used. For this case the 
zero-field, equilibrium director configuration 8(z) = 
&(l- 2 4 4 .  This is the antisymmetric situation; because 
it is less commonly encountered, it is discussed in detail 
in Appendix A. Both situations are depicted schemati- 
cally in figure 1. 

That part of the nematic's free energy, F ,  that depends 
on the director configuration can be expressed as an 
elastic term and an electric term [4]: 

1 F = k  J: [ K , , ( ~ ) z - d ' ~ s i n z 8  AcV2 dz (1) 

where K, ,  is the splay elastic constant, A8 is the aniso- 
tropy in the dielectric constants and V is the applied 

0267-8292196 $12.00 Q 1996 Taylor & Francis Ltd. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
9
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



454 J .  T. Gleeson 

1.4 

symmetric anti-symmetric 

Figure I .  Schematic of the zero-field, equilibrium director 
configurations for the symmetric (left) and the antisym- 
metric (right) cases as described in the text. 

potential difference. This expression ignores differences 
in the elastic constants and assumes that the electric field 
is independent of z .  In Appendix B, we show that these 
assumptions have only negligible effects on  the results; 
by making them we obviate the need for detailed know- 
ledge of the elastic and  dielectric constants of the liquid 
crystal. Our assumption of infinite anchoring strength 
will change the results somewhat, but the effect will be 
minimized because we are looking only a t  onset behav- 
iour. After rescaling, this expression becomes 

where , f '=4Fd/K, , ,  u=z /d ,  and ~ = A E V ' / K , , .  Again, 
since we are only interested in the onset we make the 
single mode itnsatz (for the symmetric case): 

d ( u ) = O ,  +Asin(nu) .  (3) 

Substituting this into equation ( 2 ) ,  expanding sin2(@ to 
the fourth order in A then integrating yields, 

which we recognize as a Landau expansion in A .  The 
equilibrium configuration is determined by choosing A 
such that df'/dA=O and dzf'/dA2>0. In figure 2 we plot 
the equilibrium value of A as a function of 17 for various 
values of 0,. The reader will note that this behaviour is 
qualitatively very similar to a mean-tield paramagnetic 
system near its Curie point, with 0, playing the role of an  
external magnetic field. 

1.2 
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< 

I I 1 I 
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D 

of 0,. as labelled on graph. 
Figure 2. Equilibrium value of A versus 9 for various value4 

When HI =O. the transition from the undistorted state 
( A  =0) to a distorted state occurs at  q = ~ ~ ( 0 )  = x'. This 
gives the well-known result for the critical voltage for the 
Freedericksz transition, K(0, =0) = E , / d  = n. J(AE,K, , ). 
When the pre-tilt angle is not zero, the Freedericksz 
transition occurs a t  a lower voltage as was first pointed 
out by Rapini and Papoular [3]. We have plotted y , ( H , ) ,  
the critical value of y ,  defined as that value where dA/dy 
is maximum, as a function of 0, in figure 3. We will see 
that the shift in critical voltage is an important factor in 
determining 0,. 

Our method of  detcrmining the pre-tilt angle is based 
on quantifying the degree to which the Freedericksz 
transition, i.e. the 'knee' in the curves seen in figure 2, is 
rounded as the pre-tilt increases; a good measure of round- 
ing is the slope of this curve at  onset. If we can measure 
the slope at onset then we know 0,. Figure 3 shows how 
this quantity decreases as the pre-tilt increases. This 
figure also demonstrates the increased sensitivity of this 
measurement for small pre-tilt angles. The problem now 

0.5 I 

Figure 3. dA/dq at onset as a function of prc-tilt angle. A is 
the equilibrium value that minimias  equation (4). Inset: 
critical value of ti as a function of 0,. qc  is that value where 
dA/dq is maximum. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
9
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



New ways to produce and measure low pre-tilt angles 455 

is that the quantity A,  the director angle with 2 midway 
between the plates, cannot be directly measured. We 
therefore must calculate how some measurable quantity 
will vary with both q and O , ,  and compare that with 
experiment. We have chosen the optical phase difference 
between ordinary and extraordinary rays traversing the 
cell; the capacitance would work equally well. The opti- 
cal phase difference 6 is given by 

where n, and n,  are, respectively, the extraordinary and 
ordinary refractive indices, and 1 is the wavelength of 
light used. Therefore, for a given value of 8, and A,  where 
A is chosen to minimize equation (4), and knowing n, 
and nor we can perform the integration (numerically) and 
calculate 6. It is convenient to define a reduced phase 
difference 6,=6/6,, where do is the phase difference for 
the undistorted cell with zero pre-tilt; 6, = 2n(n, - no)d/3.. 
6, will change very little for small values of 0,. In figure 4 
we have plotted 6, as a function of q for various values of 
19,. In order to determine 0,, we plot the slope d6Jdq at 
onset as a function of I9,see figure 5 .  We can then 
compare the expected value of this quantity with that 
obtained by experiment. Thus, by simply measuring the 
optical phase difference as a function of applied voltage 
as one induces the Freedericksz transition, and using 
knowledge of the ordinary and extraordinary indices of 
refraction, the pre-tilt angle is immediately determined. 

3. Experiments 
We also present in this paper a description of a new 

and simple way to produce homogeneous alignment of 
nematic liquid crystals exhibiting low pre-tilt angle. We 
have found that a thin layer of the polymer poly(viny1 
formal) (PVF), when deposited from solution and lightly 
rubbed in a single direction produces this effect. While 
rubbed polymer alignment layers are well known [ 11,  
PVF has significant advantages over other popular 

I I I I I I 
0 10 20 30 40 50 

r )  

Figure 4. 6, versus q for same values of U , ,  as in figure 2. 

-0.06 I 1 I I 

0.00 0.05 0.10 0.15 0.: 
f4 

Figure 5.  dS,/dq at onset as function of pre-tilt angle. 

polymers that align. Firstly, PVF dissolves readily at 
room temperature in the carrier solvent (chloroform), 
unlike poly(viny1 alchohol) [I] ,  or poly(ethy1ene tere- 
pthalate) [5] .  Furthermore, the vapour pressure of 
chloroform is relatively high at  room temperature elimi- 
nating the need to bake the solvent off. The concentra- 
tion of PVF in solution is quite small compared to the 
concentration recommended for many common polymer 
solutions, and a comparatively short distance of rubbing 
is required. 

PVF, as obtained from the manufacturer [6], is dis- 
solved in chloroform to a concentration of -0.05 wt %. 
Approximately 1-2ml of this solution is dropped onto a 
spinning glass substrate. By the time the spin-coater has 
stopped, no trace of solvent remains. In fact, if the PVF 
concentration is too high (-0.5 wt YO), an interesting 
ridge pattern characteristic of the solvent evaporating 
while spinning can be observed. Once coated, the sub- 
strate is rubbed unidirectionally with a cloth, and the two 
substrates are placed so that their individual rubbing 
directions are anti-parallel with spacers between them. 
The substrates are glued together and the liquid crystal 
introduced via capillary action. These operations are all 
performed in a laminar flow cabinet. We have obtained 
good quality alignment with different types of cloths, 
and currently use Super Polx 1200 wipers [7], which are 
specially knitted for clean-room application. The rub- 
bing pressure is light, perhaps the weight of 20gcm-’. 
For the measurements we report, the sample cell is filled 
via capillary action with 4-n-pentylcyanobiphenyl (5CB) 
[8]. Sample cells are heated at least 10°C above the 
clearing point to eliminate flow alignment effects. We 
have obtained good quality homogeneous alignment (as 
confirmed by polarized light miscroscopy) using PVF 
with every nematic substance we have to date tried. 

As described above, we wish to know the optical phase 
difference as a function of applied potential difference in 
the i direction. We use glass substrates having a trans- 
parent indium-tin oxide coating to apply the potential 
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I 1 I I I I 
0 1 2 3 4  5 6 

v /v,,, 
Figure 6. Intensity of light transmitted through the sample 

cell with polarizers crossed at k45' to the rubbing direc- 
tion on either side as a function of voltage applied to the 
cell 

difference. A function generator provides a 1 kHz sinu- 
soidal signal of variable amplitude, and a 2 pF capacitor 
in series eliminates the possibility of d.c. offset. The 
sample is placed between polarizer and analyser crossed 
with their axes at k45" to the rubbing direction on the 
substrates. A frequency stabilized He-Ne laser is shone 
through this stack, and the transmitted intensity is moni- 
tored by a photodiode. As the Freedericksz tran- 
sition occurs, the transmitted intensity varies as 
I-xsin2(6/2). See figures 6 and 7 for an  example of 
optical phase difference data, and the intensity data from 
which it was derived. 

The only thing that remains to be done is to find the 
slope at  onset of a curve such as in figure 6, and compare 
i t  to figure 5. There is however one subtlety. Recall that I? 
is defined as K ~ ( V / V ' ( O ) ) ~ ,  where K(0) is the critical 
voltage for the case 0, = 0, and that V, can change appre- 
ciably with 0,; cf. figure 3. To account for this, we 
normalize V by the observed value of the critical field 

1 .c 

0.8 

0.6 

'a' 

0.4 

0.2 

0.0 

0 96 

' 94 0.55 0.60 0.65 0.70 

u 1 2 3 " /Vrm 
Figure 7. Reduced optical phase difference between ordinary 

and extraordinary rays, 6,, as a function orvoltage applied 
to  the cell. Inset: magnification of the Freedricksz transi- 
tion rcgion. 

8, /fad 

Figure 8. Example of how 8, is obtained from the slope of 6, 
at onset and q c .  d6Jdq is computed, and multiplied by qc .  
A horizontal line is located at the experimentally deter- 
mined value of the slope of 6, as a function of (V/V,) ' ;  8, is 
the abscissa where these curves cross. In this example, we 
have determined the pre-tilt angle to be 0.91 '. 

V , ( G , ) .  We then find the minimum value of the slope of 6, 
with respect to the square of this reduced quantity. We 
multiply the ordinates of the two curves in  figure 3 (inset) 
and figure 5 together. One looks for the abscissae on this 
new curve where the ordinate has the value of slope at 
onset obtained from experiment. That yields f f , .  See 
figure 8 for an  example. In figure 9 we plot the pre-tilt 
angle obtained using this method versus the temperature, 
for the PVF alignment method outlined earlier. We used 
the values of Dunmur et d. [9] for the indices of refrac- 
tion. For most of the nematic range, we see that PVF 
when used in this way with 5CB yields a pre-tilt angle 
that is less than 1". Figure 10 shows a crystal rotation 
curve [2] of a PVF aligned sample for comparison. Using 
this traditional method, we have measured the pre-tilt to 
be 1.2', in excellent agreement with the new method 
reported here. 

1'2 I 
1.0 I 

0.0 e.2 -10 : -8 -6 -4  -2 

TNI /"c 
Figurc 9. Prc-tilt angle 19, as a function of tcmperaturc for 

S C B  aligned homogeneously by poly(viny1 formal) as 
determined by the Landau expansion method detailed in 
the text. 
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1o 300 
c .- 

250 
4 
.- 3 

150 I-: .- .- -u c c c C 100 

& 50- 
C 

I- 
e 

- . . :. . . J O ’ * m *  . 

Figure 10. Crystal rotation curve for a 50 pm sample of 5CB 
aligned with rubbed PVF in the manner described in the 
text. Using published values for the indices of refraction 
we find the pre-tilt angle to be 1.2”. 

4. Conclusions 
We have demonstrated a new and easy to implement 

method of producing homogeneous alignment of nema- 
tic liquid crystals with a low pre-tilt angle. This method is 
not only convenient for many applications in liquid 
crystal research where such alignment is required, but 
should also be practical for those types of liquid crystal 
displays, for example, twisted nematic, where alignment 
layers are of paramount importance in determining the 
quality of the device. 

We have also developed a novel, and in our opinion, 
intuitively appealing technique to measure the pre-tilt 
angle, based on the common observation that the 
FrCedericksz transition becomes more rounded as the 
pre-tilt angle increases. No  special equipment or con- 
figurations are needed beyond what is commonly 
employed in routine characterization and analysis of 
sandwich-type liquid crystals displays, and only the 
optical properties of the liquid crystal used need be 
known. 

Appendix A Antisymmetric alignment 
To prevent the formation of tilt domains (walls) in the 

Freedericksz transition, sample cells are commonly con- 
structed so that the rubbing directions on the substrates 
are anti-parallel. This arrangement gives the same sign 
pre-tilt angle on both boundaries, so that one preferred 
sign of the director tilt occurs at the Freedericksz transi- 
tion. If the substrates are assembled so that the rubbing 
directions are parallel, this will promote the occurrence 
of tilt domains. However, considering this case does lead 
to some interesting results. As we saw previously, the 
undistorted director configuration for this case is 
d(z)  = 0,( 1 - 2 4 d ) .  Making the same single mode Ansatz 
as before, O(z) =el( 1 - 2z/d) + A sin (n:z/d), and inserting 

this into the free energy F and integrating, still keeping 
terms up to fourth order in A yields 

iA  1) 

This is obviously very different from the anti-parallel 
case considered earlier, but identical in form to the case 
O , = O .  The coefficients are different, but with only even 
powers of A ,  the Freedericksz transition occurs where the 
coefficient of the quadratic term vanishes. Furthermore, 
the transition should be perfectly sharp, but now 

So this configuration should not only give a Freedericksz 
transition with no rounding, but should actually have a 
higher theshold voltage than the zero pre-tilt case. 

Appendix B: Elastic constant anisotropy and 
inhomogeneous electric field 

When K,,#K,,, and when the electric field is not 
assumed to be independent of z, equation (1) becomes 

-1 2 “Z[ s“ E ,  cos2 d+c,  dz sin2 8 j- ’. 
We shall refer to this as the comprehensive case, in con- 
trast to the simple case discussed previously. Making the 
same Ansatz and expansion to fourth order in A as 
before, the new coefficients in the Landau expansion 
(equation (4)) are 
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1 6 0 ~ ~ ~  512ne 8 7 ~ 7 ’  1376qy’ 
-~ +--- 

3n2 27n2 4 9n2 
c4 = 

tinL 9 ?I?/ + + ~ + ~~~~ 

4 4 4  

where c,, is the coefficient of Anti= K, , /K , ,  - 1, and 
= Ac/r:, . The critical voltage for the Freedericksz transi- 

tion when 0, = 0 is not changed by either non-zero i i  o r  
the extra electric field terms. As can be easily seen by 
considering the zero pre-tilt situation, one large effect 
of including the refinements above is to substantially 
decrease the predicted saturation value A , ,  defined to be 
limn+ ~ A(9) .  This is no surprise because Landau theory 
is only valid for small A,  as at  onset. However, this 
saturation value does scale dA/dv]. even a t  onset. To 
compensate for this, once A ( q )  is calculated, we can 
divide it by the calculated value of A:,, . In figure 11 we 
show the effect of including these corrections, using 
published values of K [lo] and y [9], on dA/dq a t  onset 
divided by A,, ;  nowhere is the correction larger than 20 
per cent. Because 6, is what we measure, we must also 
cornpensate for A,,, in this quantity. As before, after A ( q )  
is calculated, we divide it by A x ) ;  we then must then 
rescale it by \/‘2 - (Il, which is A ~ for the simpler case, so 
that we can directly compare to the comprehensive case. 
We then used the rescaled A to find 6,, via equation ( 5 ) .  
Clearly the simpler calculation discussed previously 
works so well because there (when the pre-tilt angle is 
zero) Am, = J 2 ,  very close to n/2. In figure 12 we plot the 
calculated values for dh,/dq a t  onset as a function of (I,, 

0.0 
0.00 0.05 0.10 0.15 0.20 

4 
Figure 1 I .  dA/dq at onset for the comprehensive case 

(dashed) as compared to the simpler case (solid). A ( q )  for 
the comprehensive case has been rescaled to have the 5ame 
value of A ,, . The diffcrcnccs bctwcen these two curves 
nowhere exceed 20 per cent. 

-O.O’ 1 

et 

Figure 12 dh,/dq at onset for the comprehensive case 
(dashed) ns compared to [he simpler case (solid) For the 
comprehencive case, the values of A(?)  from which 6, ic 
obtaincd have bccn rescaled to have the same value of A I 

The differences between these two curves nowhere exceed 
20 per cent 

after rescaling A (1,, comparing the simpler calculation 
discussed previously and  this more comprehensive one. 
Again, the differences are not significant. 

This insensitivity to such corrections is of course a 
consequence of choosing a method that looks only a t  the 
behaviour at  onset. There are two important benefits of 
making the assumption that these corrections are neglig- 
ible. Firstly. and arguably the more important, is that the 
whole phenomenon is vastly simpler and hence more 
intuitively understandable, and secondly one does not 
need to know either the elastic o r  the dielectric constants 
of the liquid crystal employed. 

The numerical integration routine used was written by 
P. PaltTy-Muhoray. This work was supported by the 
Natural Sciences and Engineering Research Council and 

[Jnivcrsity o f  Calgary. 
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