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Twist-energy-driven Helfrich modulations in cholesteric liquid crystals illustrated
in the transient-planar to planar transition

P. Watson, J. E. Andersénand P. J. Bos
Liquid Crystal Institute and Chemical Physics Interdisciplinary Program, Kent State University, Kent, Ohio 44242
(Received 4 November 1999

The complete time evolution of a Helfrich-type instability that is driven by twist energy in a cholesteric
liquid crystal is presented. The modulation is investigated using an initially uniform planar director configu-
ration of a cholesteric liquid crystéith helical axes uniformly aligned along the cell norjmahose pitch is
substantially longer than the equilibrium value.

PACS numbgs): 64.70.Md, 78.20.Bh, 83.70.Jr

[. INTRODUCTION In cholesteric liquid crystals, a nonequilibrium layer spac-

ing occurs during relaxation from the homeotropic configu-

Liquid crystals with layered structures in nonequilibrium ration, a state in which the natural twist of the material has
configurations may under certain conditions undergo sinubeen completely removed through application of a voltage.
soidal modulations of the layer structure in order to lower thewhen the applied voltage is removed, a relaxation process

free energy Of the System_ E|ectric_ﬁe|d_driven periodicOCCUrS that results in the formation of the “transient-planar”
modulations of cholesteric liquid crystals were first described TP) state, which is a grandjean state, i.e., all helical axes are
by Helfrich [1]. In such instabilities, the cholesteric layers @ligned perpendicular to the substrates, with a cholesteric

are seen to form sinusoidal patterns that tend to alleviate thitch significantly longer than the equilibrium pitgh0]. The
dielectric free energy while increasing the berih{) free pitch of a cholesteric liquid-crystal system is defined as the

- : distance over which the liquid-crystal director twists 360°.
energy. Huraul{2] and Chigrinov[3] have provided more g ;
thorough analyses of the threshold fields involved. The re:rhe TP pitch is roughly equal t(s3/K2;) Po, wherePy, is

sultant director configurations involved in this problem were! "¢ eguiliorium pitch of the material, arit,, andK;; are the
o 9 IS P twist and bend elastic constants of the material, respectively
further clarified through use of perturbation-theory tech-

: . _ . [11]. The occurrence of the nonequilibrium pitch in the TP is
niques in the early 1990[_31]._An _|dent|ca| effect has been a result of the fact that the degree of twist in the material is
observed when a magnetic field is employed. These phenoMyatermined while the director is still roughly normal to the

ena are well understood, and are explained thoroughly in thgg|| plane. For cases such as this in which the director is not
literature [5]. Similar distortions have been predicted in perpendicular to the twist axis, the degree of azimuthal twist
smectic liquid crystals, but are not generally observed due t@orresponding to the lowest-energy state is less than the
the high threshold field necessary for such a modulation tequilibrium value of twist. It is expected that such a state
occur[6]. On increasing field strength in field-induced Hel- with a nonequilibrium cholesteric layer spacing may exhibit
frich instabilities in cholesteric liquid crystals, the wave- a Helfrich modulation in order to reduce the high twist free
length of the modulation increases until a nematic state ignergy of the configuration. In this paper, we will investigate
acquired. the dynamics of such a system, and show how a transforma-
A second example of Helfrich-type modulations has beenion between states of unequal twist may occur via a Helfrich
observed in smectic, columnar, and cholesteric systems imodulation.
which the thickness of the sample is physically increased
through application of tension to the glass plates between
which the liquid crystal is contained. In such a situation, the
nonequilibrium layer spacing of the material seeks to achieve In earlier studies, we have experimentally investigated the
a lower-energy configuration through a buckling of the lay-dynamics of modulation of the TP state in a simple choles-
ers, resulting in locally tilted layers with a somewhat tighterteric liquid-crystal system. This was discussed in our previ-
spacing. This effect was discovered in smectic liquid crystal®us work[12], and consisted of a 1am cell with rubbed
by Delaye, Ribott, and Durani] and Clark and Mery8].  planar surfaces, filled with a mixture of Merck liquid-crystal
Similar effects resulting from physically changing the thick- ZLI-4792 and 3% CB15 chiral additive. This resulted in a
ness of the sample have been observed in columnar systerfP (cell thickness over pitohratio for the system of about
[9] and cholesteric systeni]. The expected final state on 2.8.
increasing the amplitude of a tension-driven Helfrich modu- Microphotographic evidence suggested that the cell re-
lation is significantly different from that of a field-induced laxed to a TP state with 1 twist in about 15 ms. It remained
modulation, due to the fact that under tension, the samplé that state for about 200 ms, after which a bulk modulation
desires to increase the number of layers. with a striped appearance began to distort the textsee
Fig. 1). Over the next 100 ms, the modulation became more
pronounced, until the equilibrium texture was seen to appear
*Corresponding author. between stripes. Stripes grouped into pairs, allowing larger

II. PREVIOUS EXPERIMENTAL FINDINGS
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dropped anah is renormalized to have unit length after each
time step i.e., each director component is divided by the total
length[15].

In our calculations, we assume that our starting point cor-
responds to a time shortly after the voltage has been re-
moved; thus the voltage is assumed to be zero over the entire
grid at all times, and is not taken into account. In order to
calculate the dynamics of the system, the new director field
on the entire computational grid must be calculated before
any variables are updated. Note that this model does not take
flow effects and effects of ionic contaminants into account.
Additionally, such random effects as thermal fluctuations are
not considered in the model. Thus, in order to avoid situa-
tions where the director acquires a state of equilibrium,
which in reality would be short lived or unstable, it is occa-
sionally necessary to add some small perturbation to the di-
rector so that the calculation can proceed to a lower-energy

tate.
Because the experimentally observed modulation appears

to planar director configuration change. The black bar isub®
long.

regions of equilibrium texture to form. Eventually, the
stripes were seen to go away through continued groupin
into pairs, as well as through shrinking of the stripes due t . . : .
defect motion in the third dimension. Because of the appeacr)[-on?ewtévrg'%gqszgs'ggag fviloc_lgi"’rl;'ggzi;ﬂ;ﬁg;éﬂ?ﬂ:ﬁ?ﬂe”iigyﬁ;
ance and dimensions of these stripes, we proposed that th%mensions 304197 in thex and z dimensions res?)ec
were a similar structure to those seen in a two-dimension X . ’ .
Helfrich deformation. In this paper we attempt to demon-at'vely’ with the x axis parallel to the substrates and the axis

strate through computer simulation that such a modulation iﬁﬁ:i%ﬁ;cluslge' Iptehéatt;?;nggens'orxh\i';’:;ﬁes\e/éi%;? ;gaé[ the
energetically favorable. 9 56m,

(cell gap was 15um. Each lattice point thus represented a
rectangle of dimensions 0.126m wide by 0.0765um tall.
lll. SIMULATION TECHNIQUE Fixed homogeneous boundary conditions were assumed with

For our modeling of the liquid-crystal director, we used @ 5° pretilt. Because of the low concentration of chiral addi-
the same technique we discussed in a previous publicatiofVe used in our _experlmental mixture, the elastic constants
concerning the homeotropic to focal conic transition in cho-and dielectric anisotropy of the hoddlerck ZLI-4792 were
lesteric liquid crystals[13]. The expression for the free- used in the calculation.
energy density of a liquid crystal system in terms of the

directorn, is given by Eq.(2) [6]. IV. SIMULATION RESULTS
F=LK (VA)2+ LKoo AV XA+ 00)2 The initial configuration in experiment was a TP state
ZKal(V- )"+ 7Kl do) with a single 360° twist. In simulation, such a state would
+1Ksg (AXVXA)|2— 1 D-E. (1)  appear stable because the ideal TP state has spatial depen-

dencies in one dimension. Thus, it is necessary to provide an
Here, K41, Koy, andKg; are the elastic constants for splay, initial perturbation in order to allow the striped modulation
twist, and bend, respectivelﬁ is the electric displacement tha@ had lexperlme:ntally been obse_rved to form. To this end,
dE is the electric field a sinusoidal Helfrich-type modulation was added to the TP
andE is the electric field. . . state. Chigrinovet al. determined that the expected wave-
Ignoring flow of the material, the dynamics of the director

. ; ; . length of a sinusoidal distortion caused by the presence of an
reorientation can be calculated by setting the functional de

S ; : ~external field should be
rivatives of the free-energy density with respect to each di-

rector componentthe elastic torqueequal to the rotational \/—
torque on that component as shown in E2).[14]. A= VPDV3K33/2K 2,
dn of ) whereP is the pitch of the material and is the thickness of
Yigr T 5_ni+7\”i v 1=XY,2, (2 the sampld3]. For our system, we expect the periodicity to
be roughly equal to thig, although we must take into ac-
where y; is the rotational viscosity. In two dimensions, count the fact that the formula was derived based on the

assumption that the state being distorted was the zero-field
) equilibrium state. Considerin@=5.4um, D=15um and
v IEXYZ0 0 Kaa/K,,=2.815, we may expeck to be about 12.9um.
(3) Measurement of the periodicity in Fig. 1 yields a wavelength
of 15.6 um, agreeing well with the Chigrinov-Helfrich
In Eqg. (2), the Lagrange multipliek, is used to maintain model. We chose to use this experimentally observed wave-
the unit length of the director. However, we cannot simulta-length in our simulationFig. 2(a)]. After the modulation
neously solve this equation for the Lagrange multiplier and avas inserted, the simulation was allowed to continue. As can
numerical update formula fon;. Therefore, thex term is  be seen in Fig. @), the modulation that we had seeded

st of d
on;  any dx

of
a(dn; /dx)

d
dz

of
a(dn;/dz)
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FIG. 2. Drawings of the simulated director configurations throughout the transformation process. The substrates are assumed to be on the
top and bottom of the figures. The vertical lines(d) show the axes of symmetry of the structure. The arrows indicate how alternating
regions of equilibrium pitch were increased or decreased.

increased in amplitude with increased time. The modulatiorthan that caused by the early increases of amplitude of the
at this time no longer exhibits a sinusoidal appearance, buhodulation, in simulation it is expected to move about 100
rather appears to exhibit fingers that grow from the surfaceimes slower. Due to the extremely long calculation time that
in a spatially alternating fashion. would be necessary to complete this translation, the above-
In Figs. 4c) and 2d), it may be seen that the ends of the mentioned manual translation process was repeated several
fingers spread out horizontally, and eventually overlap eaclimes until the horizontal-twist regions became close enough
other'. This resul;s in §mal| r.egions of Fhe equilit_)rium pit.chthat they could combingFig. 2f)]. In all cases, modifica-
(3 twists alternating with regions of horizontal twist. At this jons 1o the director structure decreased the free energy of the
point, the simulation again stopped, having acquired & gedsystem. These events would therefore be expected to occur in
metrical symmetry, as is indicated by the vertical lines iny,q oy herimental system, seeded by random dynamics in the
Fig. 2d). This geometrical symmetry, which was present Indisplay, such as flow effects and thermal fluctuations, com-

the |r_1|t|al conditions, is again only an artifact of thg math- lfined with imperfections in the cell surfaces and the pres-
ematics of the model and is not expected to occur in a rea

system. The experimental data had suggested that at thid'c® of SPACETS. At_the time of Figif2the four horizontal-
point in the relaxation process, the stripes exhibited signifi—tWISt ‘regions of '_:'g' &) havg been reduceq o FWO.'.
)Allowmg these regions to combine also results in a signifi-
made contact. These lateral fluctuations break the geometrf@nt reduction of free energy, while at the same time increas-
symmetry of the director structure. To approximate this inind the volume of equilibrium cholesteric texture.
simulation, alternating regions of the equilibrium pitch were  Table I shows the splay, twist, bend, and total free ener-
increased or diminished in size in order to approximate thdlies for each director configuration given in Fig. 2. We can
randomness of the real system as shown in Fig(ue Zhis  clearly see that the total free energy decreases as the transi-
resulted in a horizontal translation of the horizontal-twist re-tion progresses. It may also be noted that the twist energy is
gions of the display[Fig. 2e)]. After moving these alleviated at the cost of increased bend energy, and, later in
horizontal-twist regions, the simulation program was re-the process, slightly increased splay energy.
started to allow the system to smooth out any regions of Our model does not allow for the scalar order param8ter
locally high strain energy, which may have resulted from theto vary in amplitude, so in simulation, defects could not
modifications of the director. Because the energy density reform. In order to verify that this assumption is valid, we
duction resulting from the lateral movement of horizontal-compared the free-energy density observed in the simulation
twist regions is roughly two orders of magnitude smallerwith that of a defect. By using a method described by De-
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TABLE I. Splay, twist, bend, and total (splaywist+bend) free energies during the transition from the
transient-planar state to the planar state. The energies given correspond to the director configurations shown

in Fig. 2.
Splay energy Twist energy Bend energy Total energy
density(J m™1) density(J m™%) density(J m %) density(J m™Y)
Fig. 2@ 1.57x 106 1.06x10 4 1.75x10°© 1.09x 10 4
Fig. 2(b) 8.52x10°7 6.20x10°° 1.47x10°° 7.75x10°°
Fig. 2(c) 6.30x10° 7 1.22x10°° 1.77x10°° 3.05x10°°
Fig. 2(d) 6.10<10 7 6.43x10°° 1.60x10 ° 2.30x10°°
Fig. 2(e) 6.15<10 7 6.40x10°° 1.58x10 2.28<10°°
Fig. 2(f) 5.84x 1077 5.34x10°° 9.92x10°° 1.58x10°°

Gennes and Pro$6], the energy density of a defect can beto be deformed by a spatial Helfrich-like modulation that
estimated to be roughly 75000JH[13]. Figure 3(a) increased in amplitude, eventually resulting in the appear-
shows a plot of the energy density and the director configuance of the equilibrium state. The simulation showed that the
ration corresponding to Fig.(@). Figure 3b) shows a close peaks of this modulation spread out horizontally after a short
up of one of the high-energy regions. We can note that thi$ime, 'resulti.ng in smalll regions qf equilibrium tw'ist alterpat—
energy density is almost 10 000 times lower than that needel®d With regions of horizontal twist. It was seen in the simu-

to form a defec{13].

lation that having two regions of horizontal twist meet each

V. SUMMARY

other and join, would result in a significant lowering of the
free energy, and also result in the appearance of larger re-
gions of equilibrium texture. These events are also seen to

For this system, the simulation is seen to agree very welbccur in experiment, as we have reported eaflfér
with the observed texture. The uniform TP texture was seen In this paper we have confirmed through computer simu-
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FIG. 3. (a) Total free-energy density plot showing the regions of high energy. The director configuration is the same as(&).Fly. 2
Close up of one of the high-energy regions fréan All calculated directors are shown. Note the almost pure bend distortion in this region.
The director configuration is the same agdh.
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lations that, once seeded, a sinusoidal modulation in a norfree, continuous manner. We can therefore conclude that
equilibrium twist state of a cholesteric liquid-crystal systemtension-driven Helfrich modulations in cholesteric liquid
can be expected to grow in amplitude. This agrees well wittcrystals are well described by this model.

experimental evidence presented in previous reports. The nu-
merical simulation and energy analysis confirms that the ba-
sic mechanism of transition between the transient-planar and
equilibrium states of cholesteric liquid-crystal systems be- This work was supported under NSF ALCOM Grant No.
gins with a Helfrich modulation and proceeds in a defect-DMR 89-20147 and DARPA N61331-96-C-0042.
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