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State transition at electrohydrodynamic convection of twisted nematic liquid crystals
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We study electrohydrodynamic convection (EHC) patterns in twisted nematic liquid crystal (TNCL) cells
with an initial homeotropic alignment. In addition, we demonstrate switching characteristics due to the transition
between the 90° and —90° twisted states. The pattern formations are similar to those obtained in a parallel-aligned
nontwisted liquid crystal cell. Calculations of the free energy in an initially, homeotropically aligned TNLC in
an electric field demonstrate that the energy barrier between the two states decreases with the increase of the
electric field. The mutual transition is caused by the fluctuating flow at the dynamic scattering mode 2, where
the energy barrier between the two states is reduced by applying a strong electric field. These properties may be
employed for the development of a redirectable dynamic lenticular lens, as an extended version of the dynamic
lenticular lens using EHC. The transition between the two states caused by EHC is reversible, and the convection
roll pattern of the Williams domain rotates by 90° at each transition.
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I. INTRODUCTION

Various nonlinear dissipative systems that exhibit pattern
formations exist in nature, studied in scientific fields such
as hydromechanics, atmosphere science, biology, chemistry,
and so on [1,2]. Electrohydrodynamic convection (EHC) of a
nematic liquid crystal (LC) is a representative example that
exhibits a distinct pattern-forming phenomenon in fluid sys-
tems [3—17]. The patterns depend on the frequency, amplitude,
and wave form of the electric field between two flat electrodes
of a sandwiched LC cell. The fluctuating instabilities of the
LC directors, as a function of the electric field, induce featured
local space charges due to the anisotropic conductivity, which
tend to destabilize the horizontally aligned LC state. The
representative EHC pattern that emerges in the low-frequency
conduction regime is a Williams domain, caused by the Carr-
Helfrich instability [7]. The Williams domain can be observed
by the optical focusing effect of the extraordinary ray parallel
to the director, owing to the curvature of the undulated LC
state with a small bending-type periodic distortion by a low-
frequency electric field. The convection roll period of the
Williams domain can be controlled by the cell thickness and
electric field. The period and focal length decrease with an
increase in the electric field, for a constant cell thickness.
Therefore, it can act as a lenticular lens in a three-dimensional
(3D) display. In addition, it can be used in two-dimensional-
3D (2D-3D) switchable displays, as it can act as a two-
dimensional (2D) display without a focusing effect in the

absence of an electric field, and as a 3D display with a
focusing effect due to EHC in the presence of an electric field.

Until now, EHC studies have mainly focused on the ho-
mogeneous LC alignment with a nontwisted state. There
are few studies on the homeotropical LC alignment with a
nontwisted state [18-22]. Twisted NLCs (TNLCs) with an
initial homeotropic alignment have not been extensively in-
vestigated. The twisted structure of the LC cell is determined
by surface-rubbed directions on the bottom and top substrates
and the surface anchoring is an important factor that seriously
affects the electrooptic characteristics of LC devices [23-33].
In general, it is not very likely that a 90° twisted state with
an initially planar system transits into a —90° twisted state
even under a convective flow by an electric field which leads
to a director’s fluctuations out of the plane, combined with an
inhomogeneous charge distribution caused by the LC electric
anisotropy. The director’s deformation that causes an exces-
sive bulk elastic energy in the presence of the applied vertical
electric field is not large, as negative dielectric anisotropic
LCs are employed. Therefore, the energy barrier between the
two states is almost unchanged even if a strong electric field
is applied. On the other hand, for the 90° twisted state with
an initially, vertically aligned system, the bulk elastic energy
caused by the significantly deformed director, in the presence
of the strong electric field, is large, hence, the energy barrier
is relatively low. Therefore, a transition between two states
with EHC can occur more easily in a homeotropically aligned
TNLC than in a horizontally aligned TNLC.

In this study, we examine EHC patterns in homeotropically
aligned TNLC cells and demonstrate switching characteristics
by the transition between the 90° and —90° twisted states. The
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FIG. 1. Microscopic images of various EHC patterns according to frequency and applied voltage at homeotropic 90° TNLC cell. (a) Typical
Williams domain, (b) a chevron pattern, (c) scattering mode, (d) a chevron pattern rotated by 90°, (e) William domain region rotated by 90°,
(f) the chevron pattern rotated by 90°, (g) scattering mode, (h) a chevron pattern rotated by 90° again, and (i) Williams domain region rotated

by 90° again.

lenticular lens, as an extended version of the dynamic lenticu-
lar lens using EHC.

II. EXPERIMENT

The LC material is an MBBA (p-methoxybenzylidene-
p-n-butylaniline) which is LC with negative dielectric
anisotropic; the elastic constants are K;; = 6.66 pN, Ky =
4.2pN, and K33 = 8.61 pN; the dielectric constants are &) =
4.72 and e, = 5.25. The ratio of cell thickness to pitch is
d/p = 0.25; the pretilt angle is 85°; the cell thickness is
10 um. A polyimide (SE-1211 provided by Nissan Chemical)
as a homeotropic LC alignment layer is used. The liquid
crystal material without any chiral dopant was injected into
a empty cell assembled after rubbing the polyimide spin-
coated on indium-tin-oxide (ITO) films deposited by using
a RF magnetron sputtering system on two glass substrates
(3 x 3cm?). The homeotropic polyimide was spin-coated in
two steps, 1000 rpm for 10 s and 3500 rpm for 20 s, to produce
an initially vertically aligned LCs and the heat treatment
progressed in two steps, 100 °C for 30 minutes and 250 °C

for 1 hour and 30 minutes. The thickness of the cell was
fixed at about 10 um by using glass beads. To make the 90°
twisted LC state under a vertical electric field, we rubbed
the bottom and top substrates to —45° and —135° directions
by a velvet-type rubbing machine, respectively. The rubbing
conditions are as follows; the rotation speed of the roll, the
rubbing depth, and the speed of the rubbing stage are 900 rpm,
3 mm, and 2 cm/s, respectively. Then, the pretilt angle of LDs
was distributed within 85-88°. EHC patterns at fabricated LC
cells were observed under 22 °C and the frequency of 1000 Hz
of the conduction region.

II1. RESULTS

Figure 1 shows microscopic images of various EHC pat-
terns as a function of the frequency and applied voltage in
a homeotropic 90° TNLC cell. A typical Williams domain
emerges at the low-frequency and low-voltage conduction
region, as shown in Fig. 1(a). In Fig. 1(a), the top and bottom
substrates are denoted as T and B, and the arrows represent
the rubbing directions at —45° and —135°, with respect to
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FIG. 2. Schematic, EHC mode diagram, and the microscopic images of EHC patterns of 90° twisted state. (a) Schematic of 90° twisted
state with EHC, (b) bifurcation diagram of 90° twisted state with EHC, (c) soft mode turbulence (SMT) observed at 500 Hz and 15.5 V, (d)
Williams domain (WD) observed at 1000 Hz and 16.4 V, (e) the fluctuating Williams domain (FWD) observed at 1000 Hz and 17 V, (g)
chevron pattern observed at 1000 Hz and 18 V, (f) grid pattern (GP) observed at 1000 Hz and 24 V, and (h) dynamic scattering mode2 (DSM2)

observed at 1000 Hz and 40 V.

the direction of the EHC (azimuthal, 0°). Figure 1(a) shows
that a typical Williams domain appears at the low frequency
(1000 Hz) and low voltage (16.4 V) region. The EHC flows
along the midplane director of the twisted LC layer [17]. A
chevron pattern is observed in the same frequency (1000 Hz)
and voltage (18 V) dielectric region, as shown in Fig. 1(b).
For a fixed frequency, a dynamic scattering mode2 (DSM2)
appears when the voltage is slightly increased (40 V), as
shown in Fig. 1(c). When the voltage is decreased to the
lower value of 18 V, EHC occurs and a chevron pattern
appears; however, the direction of the pattern is rotated by
90°, as shown in Fig. 1(d). The rotation of the pattern can
be clearly observed when the voltage is reduced to a value
in the Williams domain region (1000 Hz and 16.4 V), as
shown in Fig. 1(e). We can notice that the roll direction is
completely rotated by 90°. This rotation is caused by the state
transition from the 90° twisted state to the —90° twisted state
in the TNLC cell. The driving force of the state transition
is the electric field and chaotic scattering mode. The energy
barrier between the two LC states is lowered by the electric
field, and the strong scattering state at which the LCs fluctuate
moves a twisted LC state over the lowered barrier to another
twisted LC state. To examine whether the scattering mode
generates the state transition, we increased the voltage to
reach the scattering pattern [Fig. 1(g)] through the chevron
region [Fig. 1(f)] at the —90° twisted state, and then decreased
it to values of the Williams domain region [Fig. 1(i)] through
the chevron pattern [Fig. 1(h)]. We confirm that the scattering
state (DSM2) generates a state transition, as Figs. 1(f) to 1(i)
show that the direction of the roll pattern is rotated again by
90° after passing through the DSM2.

For a detailed analysis of these results, we observed the
EHC mode diagram for the 90° and —90° twisted states.

Figure 2(a) illustrates the 90° twisted state with EHC.
Figure 2(b) shows the bifurcation diagram for the 90° twisted
state with EHC. Significantly different regimes are observed
below and above the threshold voltage and frequency; these
results are very similar to those of a nontwisted LC cell.
Our experiment was performed only at conduction region
with low frequency and voltage. For conduction region [ f <
fe, (fc: threshold frequency)], we observe Williams do-
mains with a spatial periodicity that depends on the thick-
ness (d) of the LC cell. The threshold value as a function
of the frequency can be expressed, for a nontwisted LC
cell, as V. = V(1 + 0*t?)/(v* — 1 — %), where Vy =
[—47‘[38”/(8” —g1)e, K212, while T and v are the dielec-
tric charge relaxation time and dimensionless coefficient, re-
spectively [34]. Figures 2(c) to 2(h) show microscopic images
of the EHC pattern modes as a function of the frequency
and voltage of the 90° twisted state. The typical patterns
of a conventional parallel and antiparallel aligned LC cell
are observed. Soft-mode turbulence (SMT) with a nonlinear
pattern appears at low frequencies and voltages below 500 Hz
and 20 V, respectively, in the conduction regime, as shown in
Fig. 2(c). It corresponds to a slowly varying azimuthal rotation
of the LCs and can easily couple to the EHC modes. The
Williams domain emerges when the frequency and voltage
are slightly increased from the edge of the SMT, as shown
in Fig. 2(d). A fluctuating Williams domain appears with the
increase of the voltage from the Williams domain, as shown
in Fig. 2(e). Higher voltages lead to a grid pattern (GP), one
of the complex patterns of the conduction regime, as shown in
Fig. 2(f). At the higher voltage, a chevron pattern appears, as
shown in Fig. 2(g). Higher voltages generate a dynamic scat-
tering mode2 (DSM2) that has a strongly nonlinear-chaotic
pattern, as shown in Fig. 2(h). In addition, we observed an
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FIG. 3. Schematic and EHC mode diagram of EHC patterns of —90° twisted state. (a) Schematic of —90° twisted state with EHC and (b)

bifurcation diagram of —90° twisted state with EHC.

EHC pattern diagram after the transition from a 90° to a
—90° twisted state. It is similar to the diagram of the 90°
twisted state, as shown in Fig. 3, even though there is a
slight difference in frequency and voltage. This may imply
that the EHC patterns are determined by the initial parameters
of the LC cell, such as the cell thickness, absolute value
of the twisted angle, pretilt angle, and elastic constants that
contribute to the change of the free energy as a function of the
frequency and voltage.

IV. THEORETICAL ANALYSIS

To describe the bistability (left- and right-handed twists) in
the presence of the electric field in a 90° TNLC cell using a
homeotropic alignment layer (SE-1211 provided from Nissan
Chem. Co.), we calculated the free energy by considering the
electric fields at each twisted angle. The free energy density is

[35]
[l )
o | 2 \oz 2 \dz
+e(9)(%> +K%‘ﬂdz )
where
£(0) = K;sin’0 4+ K33c05°6, )
g(0) = (K2sin?0 4+ K33c08%0)sin’0, (3)
e(0) = —2qoKosin®0. 4)

where 0 and ¢ are the polar and azimuthal angles of the LC
directors, respectively; K1, K, and K33 are the splay, twist,
and bend elastic constants of the LC material, respectively;
and ¢o is the chirality that is related to the pitch Py by
qo = 21/ Py. However, it is zero for our experiment because
any chiral material was not added into LC. The surface
anchoring energy F; is obtained using the Rapini-Papoular
surface potential [36]

Fy = L A,sin%(0 — 6p) + 1 A,sin®(¢ — ¢o), (5)

where A, and A, are the polar and azimuthal anchoring
coefficients, respectively. The electric energy F, of the electric
field is

F, = —%Eoéj_éz — %soAs(ﬁ CEY. (6)

To obtain a bistable feature in the presence of an electric
field for the homeotropic 90° TNLC cell, we used Eqgs. (1)
to (6). We revealed the variations of the Gibbs free energy
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FIG. 4. The change of bistable curve according to the strength
of the fields at TNLC cell with orthogonally rubbed two surface
boundaries. (a) Free energy density at 90° twisted state and (b) free
energy density of —90° twisted state.
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density as a function of the twist angle for various fields at the
TNLC cell using straightforward calculations [37,38].

We assume that the twisted angles of the LC directors
vary linearly throughout the cell. The LC director at the
bottom is along the x axis, while that at the top substrate
is along the y axis. The LC directors initially have a 90°
right-handed twist. The following parameters were used in
the numerical calculations. The LC material is an MBBA
(p-methoxybenzylidene- p-n-butylaniline), which is LC with
negative dielectric anisotropy; the elastic constants are K;; =
6.66pN, K» =4.2pN, and K33 = 8.61pN; ¢j =4.72 and
&1 = 5.25;d/p = 0.25; the pretilt angle is 85°; the cell thick-
ness is 10 um. The polar and azimuthal anchoring coefficients
aresetto 1 x 1073 J/m? and 1 x 107%J/m?2, respectively, and
the anchoring energy for the top and bottom substrates is
assumed to be symmetrical. Taking into account the horizontal
electric field caused by the local space charges, the electric
field was applied azimuthally, along the 45° direction for the
90° twisted state and along the —45° for the —90° twisted
state, as the charge accumulation direction is perpendicular
to the direction of the EHC that flows along the midplane
director of the twisted LC layer [17]. Therefore, the electric
field is tilted with respect to the vertical direction.

The changes of the bistable curve as a function of the
strength of the field at the TNLC cell with two orthogonal
rubbed surface boundaries are shown in Fig. 4. For an initial
90° twisted state without an applied electric field, the 90° and
—90° twisted states are identically stable, i.e., they correspond
to the minimum of the free energy. With the increase of
the horizontal electric field tilted along the azimuthal 45°
direction, the energy barrier from the 90° twisted state to the
—90° twisted state gradually decreases, as shown in Fig. 4(a).
For large values of the applied voltage, the bistable becomes
almost a monostable configuration. In such a case, a transition
to —90° twisted state can easily occur through the complex
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convection flow of the scattering mode that fluctuates the
free energy. For the —90° twisted state after the transition,
the EHC direction is rotated by 90°, hence a convection
roll along the —45° direction emerges at the Williams do-
main. Subsequently, the vertically applied electric field is
slightly tilted towards the azimuthal —45° direction, as the
accumulated electrical charge direction reaches the azimuthal
—45° direction. With the increase of the vertical electric
field tilted towards the azimuthal —45° direction, the energy
barrier from the —90° twisted state to the 90° twisted state
gradually decreases, as illustrated in Fig. 4(b). The transition
to the 90° twisted state can easily occur through the complex
convection flow of the scattering mode that fluctuates the free
energy. The simulation results show that the transition from
the —90° twisted state to the 90° twisted state is strongly
dependent on the electric field strength. If the electric field
strength is larger than the critical value at which the energy
barrier almost disappears between the 90° and —90° twisted
states, a transition to the counter state can occur; they become
easily switchable. Even though the free-energy theory may
not be enough to explain this state transition in a dissipative
system, it can be seen that the experimental result is analyzed
satisfactorily up to a point. In the future, it is expected that
other researchers will be able to explain this result better if
further calculations are performed using other major factors.

V. SWITCHING OF STATES

The images in Fig. 5 show that the two states that have
mutually orthogonal convection roll patterns are switched
when a voltage that has a proper frequency is applied to the
top and bottom electrodes that generate the vertical electric
field. The transition time is approximately 3 s for an applied
voltage of 16.4 V with a frequency of 1000 Hz, after the
application of a rectangular waveform that has a voltage of

1000 Hz

1000 Hz, 16.4V (22C)

o

0.1mm

0.lmm Optical Microscope X20

FIG. 5. Images showing that the two states of which convection roll patterns are mutually orthogonal are switched when voltage with a
proper frequency is applied to the top and bottom electrodes that generate vertical electric field.
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40 V and a frequency of 1000 Hz for 3 s. The results showed
that the transition was reversible; hence it was continuously
switching during the performed tests. Therefore, the mutual
state transition between the two states with EHC may be
employed for a reorientationable dynamic lenticular lens, as
an extended version of the dynamic lenticular lens using EHC.

VI. CONCLUSION

In conclusion, we examine the EHC patterns in a
homeotropically aligned TNLC cell. The pattern formations
are similar to those obtained in a parallel-aligned nontwisted
LC cell. We demonstrate switching characteristics of the
transition between the 90° and —90° twisted states. The
calculations of the free energy of the TNLC cell show that the
transition between the two states with EHC can occur more

easily in a homeotropically aligned TNLC, compared to a
horizontally aligned TNLC. The mutual transition is caused
by the fluctuating flow at the DSM2, where the energy barrier
between the two states is reduced using a strong electric field.
These properties may be applied for the development of a
redirectable dynamic lenticular lens, as an extended version
of the dynamic lenticular lens using EHC, as the transition
between the two states by EHC is reversible, and the roll
pattern rotates by 90° at each transition.
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