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Leaky-wave exploration of two-stage switch-on in a nematic pi-cell
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The two-stage switch-on dynamics of a nematic pi-cell are explored in detail using a convergent
beam fully-leaky guided mode technique. The cell shows an initial switch-on with a time scale in
the range several ms to tens of fdepending on drive voltagdrom the symmetrical H state to a

new and semistable H state. It then slowly chan@e®r several hundred mso the final stable
asymmetrical H state. @005 American Institute of PhysidDOIl: 10.1063/1.1806544

Nematic liquid crystals form the basis of the majority of about 5 cm by using one rotating and one fixed diffuser and
flat screen displays. Much interest has focused on pi-tells, a beam expander. This beam passes through a polarizer, a
in which the director has parallel surface tilts, with liquid horizontal slit aperture, and a pair of converging lenses, be-
crystals of positive dielectric anisotropy. There are three difing focused to a spot at the center of the cell to be studied.
ferent director states in such cells, a horizontal state, or HBoth reflectivity and transmissivity signals from the cell are
state, a twisted vertical state, or T state and a planar verticicorded, through a second polarizer, by a charge coupled
state or V state, depending upon the surface tilts and the@evice cameraDALSA).
elastic constants of the material. Under application of an  To obtain data most sensitive to the director profile in the
electric field, there are possible transitions between the difc€ll, it is set such that the rubbing direction at the surface has
ferent states which have been considered in devic&n angle of about 45° with the incident plane. In addition,
applications’™ because the angular region of the fully-leaky guided modes

There exists a very well-accepted theory concerningﬂ_h'ch is most sensitive to the director allgnment is in the
flow and dynamic effects in nematic liquid crystals which Nigh in-plane wave vector area, the sample is arranged such
was developed by Ericks&hand Leslie® in the 1960's, and hat the angle between the central axis of the convergent
later simplified by Berreman and van DodrH. However, beam and the cell nO(maI is 70°. Choice of_mput polarizer
there are only a few detailed experimental confirmations ofP: {ransverse magnetic, sy transverse electriand output

many of its predictions. Some simple experiméhtdhave  Polarizer allows a variety of angle dependent signals to be
confirmed the theoretically predicted “backflow” in a twisted recorded. Data are fully analyzed for the static guided mode

nematic cell during switch-off by recording an optical da;[f at 0 V’d2'|8 V'f ar:g 487 \Zroqt-me'?nr;squzrétlofkH22)8 v
“bounce” effect in transmission. However almost all experi-VO ageg, and also for the dynamic switch-on data for 2.

ments have been based on transmission or reflection obs -.d 4.'7 V. Figure .2 shows how one of the signalg, varies
with time after switch-on of 4.7 V.

vations during switching and as such the optical signal from It is apparent that in this dynamic process there are two

tcr:] t:l;qugd CJ;’?;S' ;e(ilo;svea:gelr?ttet?gzﬁd orpet?cpac:nSﬁi' dg dnlzvgs'quite different steps, first there is a relatively rapid change to

% nearly unchanging semistable state. This state remains for a
technique®'* has the switching proceSs® in a twisted y ging

X oo ! . S long time slowly relaxing to a different final state. The fast
nematic cell been studied in detail providing convincing de'switch-on time of the first step is about 22 ms for 2.8 V and
tailed evidence of the validity of the Ericksen—Leslie theory.

hi d b - g 7 ms for 4.7 V(Fig. 2), while the time over which the cell
In this present study, a convergent beam system is used @ qins in the semistable state is about 200 ms for 2.8 V and

investigate the switch-on dynamics of a pi-cell, finding @z ms for 4.7 v applied fields. The cell reaches its final
two-stage switching process. , state after about 500 ms for 2.8 V and 750 ms for 4.7 V.
The cell is comprised of two low index glass plates Using multilayer optical theory to fit the reflection and
=1.5170 at 632.8 njp each coated inside by a thin yansmission data, the full director profile in the cell is ob-
(~50 nm layer of indium tin oxide(ITO), on top of which  ained at many time stefs-1000 sets of angle dependent

are surface aligning layers of rubbed polyimide. The rubbingyata recordedduring the switch-on. From the data taken
directions are parallel and the plates are spaced by.0

beads. A monodomain is obtained by filling the cell with

. . _ . . . Beam .

I|qU|q crystal E7(Merck) in the isotropic phase and slowly Exsen aaponm«c‘f‘;i.‘gs“‘g tieiiphierss

cooling to room temperature. He-Ne Laser M and LC cell
This cell is inserted between the two glass hemispheres, /

optical contact being achieved with matching fluid all having N

the same index as the glass substrates. This complete assem- \

bly is placed so that the center of the sample is at the focus of / )

a monochromatic light bearfsee Fig. 1L The light beam is Pinhole Diffusers

collimated into a less-coherent parallel beam of diameter Aperture Hg;l:;:tél CCBCamms

¥Electronic mail: j.r.sambles@exeter.ac.uk FIG. 1. Schematic of the convergent beam system.
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FIG. 2. The dynamic data Of after switch-on of 4.7 V. ™
o
iy
with no applied field, the optical parameters of the different z
layers in the cell at 632.8 nm are first found to be as follows. =
The ITO layers have a thickness of 50 nm with an optical s
permittivity of £=3.90040.15; while the polyimide layers 8
have anisotropic optical permittivities,=2.35040.001, &, o
=2.800+0.001 with a thickness of 25.0 nm. The optical per- T T y T J
mittivities of the liquid crystal, E7, are,=2.309+0.0001, (b) 00 02 °'4z/d 06 08 10

£=2.998+40.0001 with the thickness of the liquid-crystal
layer being 4.328m. There is no director twist through the fig. 4. Dynamic director tilt profile at 4 ms time intervals during switch-on
cell which provides surface tilts of 9.0° on one surface ando (a) 2.8 V and(b) 4.7 V.

-9.0° on the other. One of the fitted data sdtg, and the

director profile which provides a model fit to this data are )

shown in Fig. 3a). This original state is a symmetrical H Material are found to b&;;=1.11X10*N and K33=1.71
state. A long time after the ac voltage has been applied th& 107N, with dielectric permittivities are;=19.0 ande
director structure in the cell is substantially altered. Based ofr 9-2. These values agree well with those supplied by Merck.
the Frank—Oseen elasticity theory model, director profiles to ~ Next we turn to the switch-on dynamics in the pi-cell.
fit the final static data taken at 2.8 V and 4.7 V are alsoBY using a modeling program(biMos) based on the
found [shown in Fig. 8b) for 4.7 V]. It is obvious that the appro>é|_rgatlpﬁ’ to the Ericksen-Leslie hydrodynamic
long time static state in the applied field is an asymmetricafheory,” " a fit is obtained to the data taken in the semistable
H state, where the director in the cell center has a large tiltState. All the physical and structural parameters of the cell

From these fits, the elastic constants of the liquid crystallin@re set from the preceding fits to the static data, and the
viscosity coefficients are taken from manufacturer’s data-

base. From the modeling, it is found that the semistable state

10 10 is a symmetrical H state. The director profile is shown in
g 5 figure Fig. 3c). The director in the cell center is parallel to
205 B o the cell surface, the largest director tilts occurring near to
= = both sides of the cell. Further there is no director twist
PN g S through the cell. The largest director tilts found in the cell for
0.04 r r r . 10— applied voltages of 4.7 V and 2.8 V are 72.64° and 44.12°,
60 65 70 75 80 0 1 2 3 4 5 respectively.
(&) Incident Angle (degrees) Distance through cell (um) Further modeling of the director tilt profiles during the
1.0; =% switch-on process is conducted using thielos modeling
& gg package. The results of this modeling are shown in Fig. 4,
5 05 2 40 which clearly shows the two steps switch process. This also
= 20 confirms that the experiment results are in very good agree-
vy o ment with the Ericksen—Leslie theory.
D'Oso %5 70 75 80 '206 1 2 3 4 & Energy analysis may be used to explain this dynamic
(b) incident Angle (degrees) Distance through cell (um) transition. In a liquid-crystal cell, under an applied electric
10 00 field E the free energy density is given by
%? 45
@ os g ° f(6)(do\* g(6)(dp)\*> D-E
=) .
= =) S W
0.04 -90
60 65 70 75 80 6 1 2 3 4 5
() Incident Angle (degrees) Distance through cell (um) where

FIG. 3. The experimental daff (crossep with the theoretical fit(solid
line) and the director tilt profile fofa) no applied voltage an¢b) after a
long time(>1 9) at 4.7 V, and(c) in the semistable state-4 m9 at 4.7 V. f(6) = ky; COS0 + kgaSir? 6
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FIG. 5. The boundary layer models (@ the symmetric H state an@) the
asymmetric H state under an applied field.

9(6) = (Kpy COSL O + kg3 SiNP6)cog,

0 and ¢ are the director til{measured from the cell surface
and director twist, respectivel\) is the electric displace-
ment. Minimizing gives the equilibrium equation. By using
the boundary layer model proposed by Chemgl.,18 at high

fields the director distortion tends to concentrate in thin lay-

ers with most of the cell having the director aligned parallel
to the field. The two surfaces as largely decoupled, eac
surface layer has in effect a semi-infinite layer adjacent to it
Supposing ¢= constant with the boundary conditior
=m/2, d6/dz=0 atz=c then the equilibrium equatidhin
this boundary layer approximation is

do _ +(g /e )Y%cos 0
dz &1 +y sife)Y41 +k sirth) Y2’

)

where
(e
D Ae
and
_&1~ €&y _ kaz— Kqq
Y= ’ - .
e Ky
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So, the asymmetric H state has a lower energy than the sym-
metric H state on the basis of this simple model. From this, it
is relatively straightforward to explain the experimental re-
sults. At the beginning of the switch-on, due to the original
symmetric state, the director structure switches rapidly to a
symmetric state. It stays in this semistable state for quite a
long time there being only distafénd balancedforces from
both walls trying to drive it asymmetric. Ultimately the di-
rector gradually transfers to a lower-energy stable state, an
asymmetric state. It is generally observed that such pi-cells
show multidomains because of this formation of two ener-
getically degenerate asymmetric states. However, it is be-
lieved that with the rather high surface pretilt of about 9°, the
present cell type does not suffer from this problem, forming
instead large monodomains of just one asymmetric state.

In conclusion, using the convergent beam fully-leaky
guided mode technique, it has been possible to examine in
getail the director switch-on process of a nematic pi-cell. The

pproximation of Berreman and van Doorn of the Ericksen—
Leslie theory of the flow of the director profile in the cell
agrees very well with the experimental data. There exists a
fast switching process from an original symmetric H state to
another symmetric but semistable H state under the applica-
tion of an electric field. This state may be useful in device
applications for it is only after a substantial length of time
that it relaxes to the final stable asymmetric H state. The final
state, reached after some hundreds of milliseconds, is a
single asymmetric state with there being no visible break up
of the cell into the two possible types of asymmetric domain
often found in such cells.

The authors acknowledge both the Engineering and
Physical Sciences Research Council of the UK and QinetiQ
for jointly funding this research.
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