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An interferometric method using a nematic liquid crystal phase grating has
recently been developed for determining the sum of the flexoelectric coefficients,
(e;+e3) [C. Trabi, C. V. Brown, A. A. T. Smith and N. J. Mottram, Appl. Phys.
Lett. 92, 223509 (2008)]. The switching response of the device can be simulated
if the applied 0.2 Hz squarewave voltage in the nematic layer is modified so that
it is enhanced by a reverse ion-field after each polarity reversal and then decays
with time. This process has been investigated using measurements of the transient
capacitance of a planar nematic layer to the same waveform.

Keywords: dielectrics; diffraction optical element; nematic liquid crystals; transient
capacitance

1. INTRODUCTION

Nematic liquid crystal materials exhibit orientational ordering and
anisotropic physical properties [1,2]. Calamitic nematics tend to order
with the long axes of their molecules, on average, aligned along a
direction referred to as the n-director. For a nematic material
composed from molecules that posses longitudinal permanent dipoles
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a Langevin-type contribution to the low frequency induced polarisa-
tion can lead to a larger value of the permittivity measured parallel
to the n-director (¢)) compared to the value measured perpendicular
to the n-director (¢,) [3]. In the undistorted medium the molecules
are as likely to align parallel to the n-director as they are to align
anti-parallel, and so there is no net bulk polarisation. If, in addition,
the molecules possess a shape asymmetry then a spatial distortion
of the n-director can lead to the appearance of a flexoelectric polarisa-
tion, Pr=e1(V - n)n +e3(V x n) x n, where the flexoelectric coefficients
e1 and e3 relate to splay and bend distortions respectively [2,4].

A phase grating geometry was used by Prost and Pershan to per-
form the first measurements of the sum of the coefficients (e; +e3)
[5]. Optical diffraction techniques were used to distinguish between
the spatial period of the flexoelectric distortion which was twice
the spatial period of the dielectric distortion when the nematic layer
was subject to a periodic in-plane voltage profile. The value of the
sum (e +e3) can also be found from measurements in the hybrid
aligned geometry (HAN) [6-10]. The in-built distortion through the
nematic layer in this geometry gives rise to a flexoelectric polarisa-
tion which can be detected through the optical or capacitance
response to different polarities of an electric field applied across
the layer. The interpretation of measurements in the HAN geometry
is complicated by the presence of any ionic contamination in the
nematic material [10-13].

In previous measurements, reported by the current authors [14], a
Mach-Zehnder interferometer was used to measure the time depen-
dent periodic distortion profile in a nematic liquid crystal phase
grating. In reference [5] optical diffraction techniques were used and
the nematic liquid crystal layer was homeotropically aligned. In refer-
ence [14] the nematic liquid crystal was planar aligned and the
average refractive index profile across the grating device at each point
in time was determined directly from the displacement of tilt fringes in
the interferometer. A 0.2 Hz squarewave voltage was applied to alter-
nate stripe electrodes in an interdigitated electrode geometry and the
different switching response of the layer to the positive and negative
polarities of the applied waveform allowed the value of the sum of
the flexoelectric coefficients (e;+e3) to be determined. To fit the
switching response data the effective voltage that was experienced
by the nematic layer was modified. In order to account for ionic shield-
ing and migration it was assumed that the applied voltage was
enhanced by a reverse ion-field after each polarity reversal and then
decayed exponentially with time during each half period due to ionic
migration.
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In the current work the effects of ionic migration and shielding are
investigated using transient capacitance techniques in which a high
frequency low amplitude signal is used to probe the time dependent
capacitance of a planar aligned nematic layer during addressing with
a 0.2Hz squarewave voltage across the layer. Modelling of these
experimental conditions using nematic continuum theory with a single
viscosity and the non-equilibrium charge transport equations provides
justification for the modified form used for effective voltage described
above. The interferometric measurement approach is then applied to
a planar nematic layer confined between substrates coated with
an aligning polymer that was unidirectionally rubbed parallel on
opposing substrates. The results of this measurement geometry are
then compared directly with results from the antiparallel alignment
case described in reference [14].

2. TRANSIENT CAPACITANCE MEASUREMENTS

The material E7 (Merck) was used for the investigation. Measure-
ments were performed on a test cell with planar surface alignment
that was fabricated from two glass substrates of thickness 1.1 mm.
The gap between the substrates, which contained the liquid crystal,
was 22 pm. On the inner sides of each substrate were the transparent
indium tin oxide electrodes and an alignment layer that was in contact
with the liquid crystal material. The electrodes were circular and a
guard ring was used on one of the substrates to reduce inaccuracies
in the capacitance measurements due to fringing fields. The planar
surface alignment was generated with a thin polymer layer that was
rubbed in parallel directions on the opposite substrates.

The use of the differentiator circuit to find the time-dependent
capacitance of a liquid crystal test cell in response to an amplitude
modulated waveform was described in reference [15]. This procedure
can also be used for arbitrary voltage switching waveforms. The
switching waveform in the current work is a 0.2 Hz squarewave. This
is summed with a probe waveform, V;=Vpcos wt , which has much
higher frequency (10kHz) and a low amplitude (V,=0.2 Vrms).
The resultant waveform is applied to one plate of the liquid crystal
capacitor. The other plate is connected to the input of a differentiator
op-amp circuit [16]. Since the input to the differentiator is at virtual
earth the full voltage of the switching waveform appears across the
liquid crystal layer. The differentiator output voltage that is in quad-
rature with the input voltage, Vo = —Vgq sin wt, has a magnitude that
is proportional to the permittivity ¢ of the nematic layer. The time
dependent value of the permittivity is obtained using the expression
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e=|Vog|/(RCow|Vp|) where R is the value of the resistor in the
differentiator circuit and Cy is the capacitance of the liquid crystal test
cell when empty. This expression is valid provided that any ionic
species in the liquid crystal material cannot polarise quickly enough
to respond to the probe waveform. It has been confirmed from
measurements of the loss of the layer as a function of frequency that
the ionic species in the material E7 used in the study do not respond
significantly to the probe frequency of 10 kHz.

The input waveforms were generated using a four-channel
arbitrary waveform generator (model TGA1244, TTi). The output
waveforms were captured using a 12 bit digital storage oscilloscope
(model 54622A, Agilent) and phase sensitive detection was performed
using a DSP lock-in amplifier (model 7265, signal recovery). The dif-
ferentiator circuit comprised of a FET operational amplifier having
high input impedance (model OPA445AP, Burr-Brown, Texas Instru-
ments) and a high stability wire-wound resistor with value R =800 Q.
Figure 1 shows the capacitance as a function of time for applied
squarewave driving voltages in the range 1.02 to 1.86 V. The period
of the squarewave was 0.2 Hz and the changes in polarity occurred
at 0.0 sec, 2.5sec and 5.0sec in Figure 1. The data was recorded at a
temperature of 20°C.
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FIGURE 1 Transient capacitance response of a 22 um planar layer of the
nematic liquid crystal E7 to an applied squarewave voltage waveform with fre-
quency 0.2Hz and amplitudes between 1.02V (cross) and 1.86V (filled circle).
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The Freedericksz threshold voltage [17] has been previously mea-
sured as 0.93V in the same cell geometry and on the same batch of
the material E7 with a 1kHz a.c. applied voltage at 24°C [15]. In
the absence of ionic contamination this value would also give the
threshold for the amplitude of a squarewave voltage above which
reorientation of the nematic director in the bulk of the layer would
occur. If the squarewave voltage having an amplitude above the
threshold is applied for a sufficient time the permittivity of the layer
should rise to a constant value corresponding to the value that would
be obtained from static measurements using capacitance bridge
[17,18].

In Figure 1 there is little change in the permittivity up to 1.21V and
above this voltage there is a peak in the permittivity within each half
period of the 0.2 Hz squarewave voltage. This switching behaviour can
be explained by the presence of ionic contamination in the liquid crys-
tal material. During the application of a d.c. voltage in each half period
the ionic species migrate by drift under the action of the electric field
towards the electrodes. As the ions accumulate in the region of the
electrodes they shield the external voltage, since a positive ion will
drift to a negative electrode and vice versa. This “ionic-field” reduces
the voltage that is experienced by the liquid crystal layer [19]. When
the polarity of the applied voltage is instantaneously reversed the ions
are initially adjacent to electrodes that have the same polarity, i.e., a
positive ion is now adjacent to a positive electrode. There is a reverse
ionic field which adds to the field from the electrodes which causes an
initial reorientation of the nematic n-director during each half period.
The increasing tilt angle leads to the increase in the permittivity. A
peak in the permittivity occurs because this is followed by the reduc-
tion in the director tilt angle again as the ions move to shield the
applied voltage.

3. TRANSIENT CAPACITANCE SIMULATIONS

The transient capacitance of a nematic layer containing mobile ionic
species was investigated using dynamic nematic continuum theory
with a single viscosity, y; [20,21]. The continuum theory equation,
the non-equilibrium charge transport equations, and the appropriate
Maxwell equations in 1 dimension were solved self-consistently using
commercial PDE solver software [22,23]. The time evolution of the
n-director profile through the liquid crystal layer, 0(z, ¢), was calcu-
lated in response to a squarewave voltage waveform applied to the
electrodes at z=0 and z=d. The potential profile through the layer,
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Vi(z, t), and the densities of positive ions, n,(z, ), and negative ions,
n,(z, t), were solved simultaneously. The simulation does not model
the surface trapping of ions [24,25] and the surfaces were treated as
being electrically blocking. The permittivity as a function of the posi-
tion within the layer, &[0(z, ¢)], was calculated using the values
¢)=19.1 and ¢, =5.2. The permittivity of the nematic layer was then
calculated by dividing the layer into slices and treating it as an array
of capacitors in series. The values of the physical parameters were as
follows [15]: splay elastic constant K; =10.5 pN; bend elastic constant
K5=15.2 pN; and viscosity y; =0.18 N s m 2.

Figure 2 shows a theoretical prediction of the transient capacitance
in response to a squarewave voltage with frequency 0.2Hz and
amplitude 1.5V. The equilibrium ion densities of positively and
negatively charged mobile ionic species were set to be equal, n,o=
npo=no with values between no=1.0x 10'm 3 and np=1.0x
10%3m 3, as shown in the legend for Figure 2. The value of the mobi-
lity was chosen to obtain curves with peak values in similar positions
to the experimental curves shown in Figure 1. For both the charged
species the mobility u was set as p=p,=p,=1x 10 °m? v1g!
and the value of the diffusion constant was fixed via the Einstein
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FIGURE 2 Theoretical prediction of the transient capacitance in response to
a squarewave voltage waveform with frequency 0.2Hz and amplitude 1.5V.
The values of the equilibrium densities that were used for both the positively
and negatively charged mobile ionic species are shown in the legend.
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relation, D = (kgT'/|q|)n = 0.026 for singly charged species at room
temperature.

Figure 3 shows the value of the gradient of the potential in the
centre of the cell multiplied by the cell thickness, d x VV(z=d/2,
t). This gives an indication of the potential that is experienced by
the bulk region of the nematic liquid crystal layer after the shield-
ing effects of the mobile ionic charge. It is an indication, rather
than a quantitative measure, because the charge distribution is
only localised close to the electrodes at the boundaries towards
the end of a half period of the applied waveform. In addition, the
potential profile through the layer, V(z, ¢), is a solution of the
Maxwell equation V-D=le|(n,—n,) and this is highly distorted
away from being a linear profile due to the dielectric anisotropy
of the liquid crystal and the presence of the ionic species. However,
given these caveats, the numerical work indicates that a voltage
waveform similar to that shown in Figure 3 can be used as an
appropriate simplified model to simulate the effects of charge
migration and shielding without solving the full non-equilibrium
charge transport equations. This approach will be used in the 2
dimensional simulations in section 5.
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FIGURE 3 Theoretical predictions for the electric field in the centre of the cell
multiplied by the cell thickness corresponding to the transient capacitance
curves shown in Figure 2. The values of the equilibrium densities that were
used for both the positively and negatively charged mobile ionic species are
shown in the legend.
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4. INTERFEROMETRIC MEASUREMENTS

The geometry of the device used for the interferometric measurements
is shown in Figure 4. The thickness of the layer of the nematic liquid
crystal E7, at 17.8 um, was slightly thinner than the device used in
section 2. The glass substrates were again coated with indium tin
oxide electrodes and with a polymer alignment layer that was rubbed
in parallel directions on the opposing substrates. The resulting surface
pre-tilt directions are indicated in Figure 4. In previous work
the anti-parallel alignment geometry was used [14]. The electrode
geometry differed from the device in section 2: the upper substrate
is continuous and was an earth plane, and the electrode on the lower
plate was etched to form an interdigitated array of parallel stripes.
Alternate electrodes in the array were held at earth potential and at
voltage V. The electrode width was 37pum and the gaps between
the electrodes were 43 um wide.

The periodic reorientation pattern of the liquid crystal in the device
in response to a periodic applied voltage gives rise to a periodic ref-
ractive index profile for light polarised along the x-direction. The
resultant periodic change in the optical path length has been
measured directly by placing the device in one arm of a Mach-Zehnder
interferometer [26] and tilting one of the mirrors of the interferometer.
This gives an array of sinusoidal fringes across the device and the
y-displacement of the fringes at a position x can be directly related
to the optical path length through a z-section of the device at that
x-position.

A T L S S S S
- A A A A A T
- > A A A A A
-_—- - - -

| 4

" (o (o

FIGURE 4 Schematic diagram of the device geometry. The filled black rec-
tangles show the positions of indium tin oxide electrodes. The striped electro-
des on the lower substrate were fabricated in an interdigitated geometry so
that alternate electrodes could be differently biased.
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The interferometer was illuminated with a He-Ne laser light with
wavelength /o =632.8nm and polarised in the x-direction. With no
voltages applied to the device the normally incident light travelling
through the nematic layer experiences the refractive index parallel
to the director, n|, and so the optical path length through the nematic
layer is k(V=0) - d = k||-d = 2nnd/1o. When a voltage is applied a tilt
distortion of the nematic n-director is produced in the layer, 0(x, z, ¢).
For normally incident light the nematic layer will again be treated as
an array of slices where the refractive index in the x-direction in each
slice is given by: 1/n%, = (cos®0/nf) + (sin?0/n?). The optical path
length for x-polarised light travelling through the layer is given by
the sum of the optical path lengths for all of the slices and this can
be expressed by an average effective wavevector for the layer,
Eeff(V = Vp), or an average refractive index for the layer, n ;. A tilt
fringe in the interferometer is displaced in position by one fringe
spacing when the difference between the voltage-on and voltage-off
optical path lengths through the nematic liquid crystal layer equals
27 radians, so that gy —n) = 4o/d.

The fringe displacement profiles are shown in Figure 5. Each of
the fringes shown is the average of 5 of the parallel tilt fringes that
crossed the field of view of the device in the x-direction when it was
observed in the interferometer. The time at which fringe was recorded
corresponds to the time value at which it intersects with the x-axis.

Distance in x-direction (um)
1

—-100 H

0 1 2 3 4

Time (seconds)

o

FIGURE 5 The displacement profiles of parallel tilt fringes that crossed the
field of view of the device in the x-direction when it was observed in the inter-
ferometer. The time at which each fringe was recorded corresponds to the time
value at which it intersects with the x-axis. For clarity the amplitude of each
fringe has been multiplied by a factor of two.
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The measurement was recorded whilst a square wave voltage wave-
form with frequency 0.2 Hz and amplitude 1.17V was applied to the
electrodes marked as Vp in Figure 4. In Figure 5 the applied voltage
was positive in the time period 0 to 2.5sec and negative in the
time period 2.5 to 5.0 sec.

In Figure 5, peaks in the fringe displacement can be observed at
+17pm and —17 um. The peak amplitudes increase quickly after each
change in the polarity of the squarewave voltage waveform and then
decay over a slightly longer time scale during each half period. These
dependences of the peak amplitude on time in the phase grating geo-
metry of Figure 4 are similar to the form of the transient capacitance
shown earlier in Figure 1. As discussed in section 3 above, these obser-
vations can be attributed to the migration and shielding effects
of mobile ionic charges in the nematic material E7. There is a
slight asymmetry between the peaks at +17um and —17 um, with
the peak at +17pm being slightly larger than the peak at —17 pym
during the time period O to 2.5 sec (positive voltage) but the asymme-
try is the other way around during the time period 2.5 to 5.0sec
(positive voltage).

The main difference between the results shown in Figure 5 and the
transient capacitance results, shown in Figure 1, is that in Figure 5
the amplitudes of the peaks in the fringe displacements are much
higher for the positive half period of V, than for the negative half
period of V. This observation can be explained by the presence of a
flexoelectric polarisation in the nematic material. The phase grating
device of Figure 4 has an inherent asymmetry, since there are striped
interdigitated electrodes on one substrate but a continuous electrode
on the other plate, and so the interaction of the flexoelectric polarisa-
tion with the fringing electric fields and the distortions in the nematic
n-director can be observed directly in this geometry.

5. FITTING THE INTERFEROMETRIC MEASUREMENT DATA

The nematic n-director profile in the phase grating device of
Figure 4, 0(x, z, t), has been calculated using dynamic nematic con-
tinuum theory with a single viscosity y; in 2 dimensions [20,21]. For
the geometry shown in Figure 4 the n-director is given by the vector
expression n = (cosl, 0, sinf) and the electric field can be calculated
from the potential V(x, z, ¢) via the relation: E=(—-0V/dx, 0,
—0V/9z). The free energy is given by the sum of elastic, dielectric
and flexoelectric energy terms. Minimisation of the free energy with
respect to the angle 0 using the Euler-Lagrange equation yields
Eq. (D).
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Minimisation of the free energy with respect to the potential V
using the Euler-Lagrange equation yields Eq. (2).
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Equations (1) and (2) were solved self-consistently using commer-
cial PDE solver software [22,23]. The time evolution of the 2 dimen-
sional n-director profile through the liquid crystal layer, 0(x, z, t),
was calculated in response to a squarewave voltage waveform applied
to the electrodes at z=0 and z =d. The use of finite elements to solve
the nematic continuum equations can lead to loss of the nematic
n-director symmetry, n=—mn, as a result of the discretisation of the
equation onto the finite element grid [27-29]. This difficulty does
not arise in the current work because the fringing field geometry
removes any ambigiuty between the 0 orientations in neighbouring
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FIGURE 6 The relative fringe movement as a function of distance in the
x-direction across the phase grating device from Figure 4, corresponding to
vertical sections through Figure 5 at time 0.25sec (+1.17V, circles) and time
2.75 (—=1.17V, squares). The solid lines are theoretical fits to the data.

positions on the finite element grid and also low switching voltages are
employed which do not cause large gradients in the n-director.

In Figure 6 the experimental x-dependence of the fringe displace-
ment amplitude across the device is shown at two different times:
0.25sec (circles) and 2.75 seconds (squares). The times correspond

0.6 T T T T T T T T

Experimental data

— Model data

0.4

0.2

Fringe movement

Time (seconds)

FIGURE 7 The crosses show experimental data for the relative fringe move-
ment as a function of time at the position x =+17 um, corresponding to a hor-
izontal section through Figure 5. The solid line is theoretical fits to the data.
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TABLE 1 Parameters Obtained from the Fit to the Interferometric Data for the
Phase Grating Device with Parallel Surface Alignment (from the Current Work)
and for the Device with Antiparallel Surface Alignment (from Reference [14])

Parallel Antiparallel [14]
Ion enhanced voltage, V. 1.89V 1.89V
Voltage decay time, © 0.8 sec 0.8 sec
Surface pretilt, 0, 0.4° 0.4°
Viscosity, y1 0.18N s m™2 0.18N s m™2
(e1+es) 14+1pCm 15+2 pCm

to 0.25 sec after a reversal of polarity of the applied squarewave vol-
tage waveform to positive (circles) or negative (squares). This Figure
effectively shows vertical cross sections through Figure 5 at the times
given above. The crosses in Figure 7 shows the experimental time
dependence of the fringe displacement amplitude at the position x
=417 pm.

The solid lines in Figures 6 and 7 show theoretical fits to the inter-
ferometric data from Figure 5. Motivated by the transient capacitance
results and the simulations in sections 2 and 3, the voltage experi-
enced by the liquid crystal after the effect of ionic migration and
shielding was taken into account was modelled by the function
V=V,rexp(—t/1) during each half period. The peak voltage will be
enhanced above the applied voltage Vo by the reverse ionic field, as
discussed in section 2, and the decay time t is determined by the
mobility of the ionic species and their effectiveness in shielding the
applied voltage and the viscoelastic relaxation time of the nematic
material. The elastic constant and permittivity values used to obtain
the fits are the same as those listed in section 3. The other values that
were used in the fitting for the parallel alignment geometry that has
been studied here are shown in column 1 of Table 1.

6. DISCUSSION AND CONCLUSIONS

Table 1 compares the values obtained from fitting the interferometric
data for the parallel geometry in the present work with the results
from the antiparallel geometry that were reported in a previous
publication [14]. The values used to obtain a fit for the two different
cells were the same, and the values for the sum of the flexoelectric
coefficients (e; +e3) are in agreement to within experimental errors.
These results are also consistent with an analysis of results of
Freedericksz measurements on the same material, E7, in reference
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[30], and compare very well with the value (e; +e3)=15+2 pC m !
found for the same material in reference [31].

One feature that is not accounted for in the modelling of the parallel
geometry is the asymmetry between the peaks in the fringe displace-
ment in Figure 6. The higher peak occurs at x = —17 um for a positive
applied voltage (circles in Fig. 6), but the peak at x = +17 um (squares
in Fig. 6) is higher for negative applied voltages. A single surface
pretilt has been used in the theoretical model and it is possible that
the pretilt on the two substrates are different due to the different
underlying electrode structures on the two substrates. The use of an
effective voltage in the 2 dimensional analysis of the phase grating
data also neglects any effect from ion-director-polarisation coupling
which would occur in the bulk of the device.
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