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A guided wave study of the voltage dependent director configuration
in a nematic liquid crystal layer with finite surface tilt

by LIZHEN RUAN*, T. W. PREIST, FUZI YANG and J. R. SAMBLES

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

(Received 14 August 1992; accepted 11 January 1993)

Prism coupling techniques have been used to excite optical modes in a thin
nematic liquid crystal with finite surface tilt in order to study the voltage dependent
director profile. The surface tilts are opposite in character and it is found that at zero
applied volts the stable configuration is the substantially horizontal state. On
applying the field this state is broken, probably transforming to the twisted vertical
state. By modelling all the data obtained, the detailed behaviour of the director
profile has been fully characterized yielding much information, including the change
of surface tilt with applied voltage. For the nematic liquid crystal E7, this gives a
voltage induced surface tilt of approximately 0-67° V™! for a 5-65 um thick cell. Also
using a boundary layer model, it has been possible to analyse the free energy in the
cell and hence show that the observed twisted vertical state is the expected stable
state under the field applied.

1. Introduction
_ It has been established for some time that a tilted surface alignment of nematic
liquid crystals leads to the possibility of different stable director configurations with
increasing voltage across the liquid crystal, provided the surface tilts are in the opposite
sense [1-3]. (By opposite sense we mean that the vectors, defined as the director leaving
the surface, both point in the same x direction, and of course in the opposite z direction,
see figure 1.) This has led to the use of such aligned cells in device applications.

There are three possible equilibrium states of the director configuration in this
geometry, depending upon the surface director tilt angle, 6,, measured from the cell
surface, and the elastic constants of the material. These are a predominantly horizontal
state H, a twisted vertical state T, if the surface tilt angle 6, is less than some critical
angle 6, and a planar vertical state V, if the surface tilt angle 0, is greater than 6..
Application of a field for a positively anisotropic liquid crystal will result in a transition
from the H to the T (or V) state in the presence of disclinations. The energies, director
profile and switching processes for such a cell have been characterized by Thurston and
co-workers [4, 5] using a Poincaré sphere description for the director with a boundary
layer model. As far as we are aware no detailed guided mode study of these structures
has previously been undertaken.

In this study then we utilize the now quite well-established attenuated total
reflection technique [6-97] to study the liquid crystal director profile in an asymmetri-
cally surface tilted cell through the excitation of guided modes. We examine the changes
in the structure of the director under application of a field by modelling the angular
dependent reflectivity from predictions of the director based on the continuum theory
[10] together with multilayer optics [11].

* Author for correspondence.
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Using the eutectic mixture E7 which is nematic at 40°C in a quite high surface tilt
cell, we have first established the existence of the predominately horizontal state at zero
volts and then observed the transition to the twisted vertical state under the application
of an electric field. Further the free energy of the liquid crystal cell has been analysed
showing that, in the field applied, the lower energy state is indeed the observed twisted
state.

2. Experimental

A high refractive index (n=1-8 at A=632-8 nm) equilateral glass prism is coated on
one face with a thin layer (~40nm) of 99999 per cent pure silver by conventional
vacuum evaporation. The optical parameters of this layer are determined by measuring
the angular dependent reflectivity of the prism/silver boundary using p-polarized (TM)
radiation and fitting the resultant surface plasmon resonance to Fresnel theory [12]. In
the current case, this gave for the silver layer at 632-8nm, e= —18-074i0-63 with a
thickness of 39 nm. On top of this characterized silver layer is deposited, again by
vacuum evaporation, an aligning SiO, layer. In this case, finite surface tilt of the liquid
crystal director was required, so the SiO, was deposited at an angle of 74° to the
substrate normal, which is expected to produce a surface director tilt between 3° and 9°
[13] measured with respect to the surface of the cell. An optical flat is also coated with
an opaque layer of silver and a similar layer of SiO, to provide the other aligning
surface, the backplate. Finally the complete cell of coupling prism, 6 um thick mylar
spacers, and backplate is assembled in a clean room with the aligning surface arranged
to give opposite surface tilts. The cell was warmed and then capillary filled with the
liquid crystal in the isotropic phase; the complete arrangement is illustrated in figure 1.
This sample was then slowly cooled into the nematic phase to give a well-aligned
sample.

The liquid crystal filled cell, mounted in an isothermal environment at 40°C, was
placed on an optical system which monitors accurately the reflectivity of a 632-8nm
laser beam from the prism/silver/SiO,/liquid crystal boundary as a function of the
angle of incidence, with either TE or TM polarized radiation. Reflectivity data so
recorded have a series of sharp dips corresponding to the excitation of a series of guided
modes in the nematic liquid crystal layer (see figure 2 (a)). (Because of the nature of

\
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Q) Liquid Crystal y
Si0x z
Silver
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Figure 1. The sample cell construction vsed in the experiments.
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Figure 2. (a) Fitted reflectivity data for TM modes, as a function of the incident angle, with no
voltage applied. (Note: Theoretical values are shown by the continuous lines and
measured data by crosses.) (b) The tilt and twist profile of the nematic director for no
voltage applied.

production by evaporation of the SiO, aligning layer, there is a small but gradual
change in the alignment across the whole cell. Over the area of the laser beam, some
2mm?, the spread in alignment was so small as to be negligible.) On applying a low
frequency (10kHz) field of up to 10V, the reflectivity data are seen to change
substantially (see figure 3(a)).

3. Results and discussion

3.1. Director profile
Itis clearly important to establish the director profile at zero applied field. From the
boundary condition produced by the obliquely evaporated SiO, (for E7 the critical
surface tilt angle is ~24° [2]), it is anticipated that the zero voltage state would be either
a substantially horizontal (H) state or a twisted vertical (T) state. From the guided mode
reflectivity data, it is straightforward to separate these two models. For either TM
(optic E field in the incident plane) or TE (optic E field normal to the incident plane)
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Figure 3. (a) Fitted reflectivity data for TM modes, as a function of the incident angle, with an
applied field of 9 V across the cell. (Note: Theoretical values are shown by the continuous
lines and measured data by crosses.) (b) The tilt and twist profile of the nematic director of
the twisted vertical state with 9V applied field.

guided modes, the low order mode positions are determined primarily by the director
alignment at the cell centre. This is clearly the case for the lowest order mode where the
field maximum is at the cell centre [14]. At zero volts we note that even these lowest
order modes, those with greatest momentum in the xy plane, all appear at low incidence
angles. The lowest order TM guided mode { ~ 57-8°} is close to the position of the mode
found in a previous study [15] using a 90° twisted homogeneous aligned cell of the same
material. However by contrast to the 90° twisted cell, there is no evidence for TE-like
guided modes present in the surface plasmon-polariton (SPP) dip in the TM reflectivity
data. This immediately implies an untwisted state, the horizontal (H) state being the
most likely. For this state the TE modes are dictated by ¢, of the liquid crystal at optical
wavelengths, that is n3, with the TM modes being also largely dictated by the same ¢ .
Hence, the lowest order TE modes do not approach in angle the SPP resonance since
they are all dictated by ¢, and, according to the metal-clad dielectrical waveguide
theory [16], the SPP wavevector is much larger than the cut-off wavevector for either
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TE or TM guided modes. Further evidence for the H state of the cell is provided by
examining the angular dependent reflectivity for the orthogonal plane of incidence,
with the director approximately perpendicular to this plane. Now we expect the TE
mode position to be dictated by | (>¢,) and hence the cut-off wavevector for the TE
modes may be beyond the SPP wavevector. This should give s-like modes in the broad
SPP dip—this is observed. Thus the horizontal (H) state of the cell at zero volts is
confirmed.

To ascertain the full detail of the director profile at zero volts we need to use Fresnel
theory to model the observed angular dependent reflectivity. In order that this may be
accomplished, we need first to find values for the two optical permittivities ¢, and ¢.
This was done by applying a relatively large voltage (~ 10 V) to'the cell, forming it into
the nearly homeotropically aligned state. By fitting the angular dependent reflectivity
for both TE and TM modes at this voltage, we then obtain ¢, and ¢ to sufficient
precision to allow fitting to the zero voltage data. Continuum theory dictates that, for
the small tilt and twist of the cell at zero volts, there will be an almost linear variation of
both these variables across the cell. Using Fresnel theory for a multilayer model of the
system, the cell thickness, d, and surface tilt and twist angle are adjusted until the model
fits well with the observed data.

The final fit to the SPP and the guided modes is shown in figure 2 (a), arising from
the tilt and twist profiles of figure 2 (b) with

&, =2-3160( £ 0-0002) +i0-0005( + 0-0002),
g = 2:8740(+ 0-0002) +i0-0005( + 0-0002),
d=565(+001) um.

The surface twists, measured with respect to the x-axis (see figure 1), are 7-6° and
4-6° on the two surfaces, while the surface tilts, measured with respect to the surface, are
5:5° and —7-5°, respectively. This gives a total twist across the cell of (3 +0-3)° which is
due to a combination of misalignment of the two surface directions and small surface
director twist at the surfaces associated with the finite surface tilt.

Now consider what happens to this cell under the application of an AC field,
remembering that nearly in the centre of the cell, at zero volts, there is a tilt of 0°
(horizontal director). From continuum theory there are four possible states [1], two of
them are still the plane horizontal states with the position of 0° tilt displaced towards
either the upper or lower surface, and the other two are the twisted clockwise or
anticlockwise vertical states which may only be switched to through the presence of
disclinations, almost inevitably present in these cells.

By examining the angular dependent reflectivity as a function of voltage, we find
that, at about 0-6 V, the guided mode structure starts to degrade and on increasing this
voltage, the modes gradually broaden and become indistinct. An example of the type of
response recorded for these lower voltages is shown for 1V in figure 4. This is very
suggestive of domain formation in the cell and, not surprisingly, these complicated
reflectivity data cannot be fitted by any model for one single state of the cell. It implies
coexistence of both H and T states or some mixture of them. On further increase in
applied field, to about 3 V, the modes sharpen again and, beyond this voltage, a series of
very sharp resonances is recorded. This suggests a monodomain and a stable director
configuration.

As the voltage is further increased, the TM guided modes move progressively to
higher angles and approach the range of the SPP resonance. This is simply because in
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Figure 4. The reflectivity data for TM modes with an applied field of 1V across the cell.

The low frequency (10 kHz) dielectric parameters and elastic contants for E7 at 40°C, used in this

calculation.
Parameter Value
8“ 18'14
g 554
ki /10712N 9-:0
k,,/107 12N 1-21
ky3/107 12N 1-31

the centre of the cell the director is tending towards homeotropic alignment, which
increases the effective & for the guided modes, towards ¢,. Using continuum theory [10],
with the values listed in the table of the low frequency (10 kHz) dielectric constants,
together with the elastic constants we may model the director profile in the cell. By
adjustment of the boundary conditions we may then iteratively converge to the correct
director profile which gives, from multilayer optical theory, the angular dependent
reflectivities recorded.

This modelling gives excellent fits to the data (see figure 5 (a)) provided we force the
continuum theory into the clockwise T state solution. If we insist on an H state with the
position of 0° tilt displaced towards the upper surface, then we cannot obtain a good fit
(see figure 5(b)) to the data. Likewise the other two possible states do not predict
reflectivities in accord with the data. This is not too surprising, since those states have
optically distinguished director profiles at the same applied voltage (see figures 6 (a) and
6 (b)). It is the sensitivity of the optical mode momentum to the details of the director tilt
and twist profile that allows the discrimination between these states.

At higher voltages the director profile for the clockwise T state continues to fit the
data well (see figure 3 (). Of course, at these higher voltages, the T state becomes much
closer in form to the V state; indeed for a tilt angle maximum greater than about 88°, it is
very difficult to differentiate optically between the two models. In contrast, for voltages
below 9V, the clockwise T state gives clearly the correct fit to the data and primarily for
this reason we use the same T state description at higher voltages. As is clear for 9 V, the
director twist is now almost entirely concentrated in the middle of the cells, while the tiit
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state, (b) the H state used to generate the theory of figure 5.
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changes are concentrated in thin layers near the surfaces. To obtain the very best fit, it is
found necessary to introduce a small voltage dependent surface tilt. This arises because
the surface anchoring energy is not infinite [ 17]. The results for the needed variation of
surface tilt with voltage are shown in figure 7. By comparison with the data obtained by
Welford and Sambles [17] for an untwisted homogeneously aligned cell, it appears that
the surface anchoring energy is higher in the present experiment.

3.2. Free energy
It is of interest to establish from a free energy perspective that the T state should be
the stable state in an applied field. We use the boundary layer model proposed by
Cheng et al. [2]. If we have two functions ¢(z), 8(z) which describe the twist angle ¢, and
tilt angle 6, measured from the xy plane (sce figure 1), as functions of the position, z,
along the normal to the cell surface, then under an applied field V we have the free
energy density

0) /do 2 0 /d 2 D-

where
f(@)=k cos?0+kyysin? 0
g(0) =(ky, cos? @+ k5 sin? ) cos? 6,

and D is the electric displacement. Minimization of the integral of F by the standard
Euler-Langrange method, followed by integration leads to

d\? d¢\? p? -
f(0)<£) +g(9)(d—z) —m”A

wo(2)-s, el

where A and B are integration constants with
_Eme_Ae

&L €y
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At high fields, the director distortion tends to concentrate in thin layers with most of
the cell having the director aligned parallel to the field. Thus we can view the two
surfaces as largely decoupled, with each surface layer having in effect a semi-infinite
layer adjacent to it [2]. When ¢ =constant, the boundary condition #=n/2 and
d0/dz=0 at z= o0 gives in this boundary layer approximation

o _ +(ey/e)*cos O
dz~ &1 +7ysin?0)Y%(1 +ksin? 6)1/%’

6—' 8” 47tk11 12
“\D Ae

k=(ks3—ky1)/kys.

Thus the total energy per unit area, including the elastic energy and the excess of
dielectric energy, for each semi-infinite boundary layer is

G

where

and

k
E(BOa 000) = (_é}') ‘1(90; aoo)’ (4)
where
_ (& \"? [*= cos B(1 +ksin?§)"/? df
a0 =) [ @

and 8, is the value of 0 for z> ¢&.

With this simple model, we compare the total energy per unit area of the H state
with that of the T state at high voltage. Because, in the T state, the director twist
concentrates in the homeotropically aligned cell centre, for which there is no energy
contribution, then the boundary layer model may be used with two near-surface
regions with no twist. In the horizontal (H) state, which is an asymmetric horizontal
state derived from continuum theory, there are three boundary layers (see figure 8 (a)),
and the total energy per unit area is

Ey=E(8y,,7/2)+ E(0,7/2)+ E(0, 0,) = 2E(0, #/2) + E(6, 4, 05,) (6)

according to equations (4) and (5); here 8,, and 6, are the director tilts on the upper
and the lower cell surfaces, respectively. By contrast, in the vertical twisted state (T),
there are only the two boundary layers (as discussed), see figure 8 (b), and the total
energy per unit area is then

Er=E(0o1,0m) + E(603, 0n) + Erwist
=2E(0,8,,)+ E(651, 002)— 2E(0, 842) + Erwist, )

where Eqygr is the twist energy, 8, is the largest tilt angle. In the high voltage limit
0,,—n/2 and as this occurs Eqrw;er—0 [18].

Hence, comparing with equation (6), we see that E,; > E;on the basis of this simple
model. Of course this agreement is only valid above a few volts, where experimentally
we have shown exactly this behaviour, i.e. that the T state is stable relative to the H
state.
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Figure 8. The nematic configuration of the director tilt in (a) the H state, and (b) the clockwise T
state under an applied field.

4. Conclusions

Using the optical excitation of guided modes in a nematic cell with oppositely
directed surface tilts we have studied the equilibrium state as a function of applied field.
At zero volts we find that the stable configuration is the horizontal state with surface tilt
angles of 5:5° and —7-5°, measured from the cell surfaces, respectively, for 74° (with
respect to the surface normal) evaporated SiO, aligning layers.

Under application of a field, the horizontal state, in the presence of defects,
renucleates into a twisted vertical state, as evidenced by a confused form to the optical
mode excitation monitored by the angle dependent reflectivity. Above about 3V, the
twisted vertical state is fully stable and all data at this and higher voltages fit the
predictions of a model based on this state. To model the data fully, it is necessary to
introduce a surface tilt which changes with voltage, in this case of the order 0-67° V™1,
indicating stronger anchoring than that for 60° evaporated SiO,. The preference of the
finite surface tilt cell for the T state is also confirmed by a simple free energy calculation
based on the boundary layer model.

The authors acknowledge the support of the SERC.
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