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Growth of the transient planar state in cholesteric liquid crystals
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Growth and propagation of the transient planar state in the transition of cholesteric liquid crystals from the
homeotropic to the planar state was investigated by both experiments and numerical simulations for planar
boundary conditions. Interference fringes observed in the measured reflection spectra during the evolution of
the transient planar state have not been reported in the previous study. These interference fringes caused by a
Fabry-Perot interferometric structure formed in the cell show that the transient planar state grows from the
surfaces and propagates toward the bulk region in the planar sample. Our experimental results for the growth
of transient planar state in planar boundary conditions are consistent with the previously reported simulation
studies.
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[. INTRODUCTION planar boundary conditions. This may be due to the higher
energy at the surfaces than in the bulk. Their simulation re-
Cholesteric liquid crystals have two stable states betweeaults also show that with homeotropic boundary conditions
parallel glass substrates: a plariB) state and a focal conic the TP state grows from the bulk and propagates to the sur-
(FO) state. In the P state, the helical axes of cholesteric liquidaces. In the case of the homeotropic boundary conditions
crystals are normal to the plates and this P state makes there are no distortions of the directors near the surfaces.
Bragg reflection in the spectral range BfPy<A<n.Pg, Therefore, the thermal fluctuations of the directors in the
whereP, is the intrinsic pitch of the P state, amg andn, bulk may become the source of the transition causing the
are the ordinary and extraordinary refractive indices of theransition to begin from the bulk. These results for the
liquid crystal, respectively. When an electric or magneticdrowth and propagation of the TP state for the planar and
field is applied, the P state makes a transition to the FC staf@omeotropic boundary conditions were numerically simu-
[1], where the helical axes are parallel to the plates and didated and, to our knowledge, have not been confirmed experi-
torted in the plane of the plates. At still higher field, the mentally yet.
helical structure of cholesteric liquid crystals becomes un- In this study, we experimentally investigate the evolution
twisted and the FC state makes a transition to a nematiclikef the TP state during the H to P transition for planar bound-
homeotropic(H) state. The material in the field-induced H ary conditions. With reflection spectra measured and some
state relaxes either to the P state or to the EC state dependiﬁgmerical simulations for the initial relaxation of the system,
on the manner the external field is removed. When the apwve explain, for planar boundary conditions, where the TP
plied field is decreased gradually, the system proceeds to tHéate begins and propagates to.
FC state, but upon a sudden removal of the field it eventually
relaxes into the equilibrium P state. There have been reports Il. EXPERIMENTAL PROCEDURES
suggesting that an intermediate transient plafid@®) state
exists during this H to P transition of cholesteric liquid crys-
tals[2—4]. The TP state is similar to the P state as it has an As shown in Fig. 2, our experimental system consists of a
in-plane helical structure with the helical axes normal to thdight source block, an optical component block, and an elec-
plates. However, this state has a longer pitch than the P stati&ical component block. The light source block includes a
Many experiments and numerical simulations have beehigh power Xe lamp and a monochromator. Reflection spec-
carried out[5-9] to understand the transformation processtra are measured by a photomultiplier tubidamamatsu
from the H to the P state. A diagram of the full H to TP to P R-405. The electric component block includes a digital os-
transition in planar boundary conditions, as it is currentlycilloscope (Hewlett Packard 54501/ a function generator
understood, may be seen in Fig. 1. The field induced H statéTektronix FG5010, and a voltage amplifie(Krohn-Hite
makes a transition to the TP state when the external field i500. A nearly parallel beam of monochromatic light was
removed. But the TP state which occurs at the early stage dfhcident on the sample and the reflectance was measured
the H to P relaxation is not stable, and the system makes @mploying two cross polarizers to prevent the light reflected
transition to the equilibrium P state through the FC statdrom the glass of the LC cell from coming into the photo-
[5,8]. The director structure during the transition of the H to multiplier tube. The wavelength was scanned from 410 to
the P state had been studied using numerical simulatior880 nm with an interval of 0.5 nm and time was scanned
[6,8,9. Simulation studies of Andersogt al. show that the with an interval of 0.02 ms. The voltage applied to the
propagation process of the TP state with planar boundargample wa a 1 kHz, 150/, square wave. The cell tempera-
conditions is different from that with homeotropic boundary ture was kept constant throughout the measurement.
conditions[8]. According to their report, the TP state grows  The planar boundary conditions were achieved by spin
in from the surfaces of the cell and propagates to the bulk focoating a planar SE 5291 polyimidblissan Chemical Ind.,

A. Experiment
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FIG. 1. Diagram of the homeotropic-planar transition for planar boundary conditions as currently understood.

Ltd.) which_ was then rub_bed with a felt cloth. Thg _pretilt f=%Kll(V~ﬁ)2+%Kzz(ﬁ~V><ﬁ+qo)2+%Kss(ﬁXVXﬁ)z,
angle of this sample, which was measured after filling the (1
nematic liquid crystal§Merck ZLI 2293 using the crystal
rotation method10], was (6.1-0.5)°. whereK,;, K,,, andK 3 are the elastic constants for splay,
The cholesteric liquid crystals used in this experimenttwist, and bend deformation, respectively.
were made by mixing Merck ZLI 2293 liquid crystal and  The director structure of a liquid crystal system can be
ZLI 811 chiral dopants in the ratio of 2:1. The maximum obtained on the basis of the fact that the system acts to mini-
reflection region of this mixture in equilibrium ranged from mize the free energy. Ignoring the flow of directors, the
434 to 468 nm with the cente\f conie) at 451 nm. The Euler-Lagrange equation to minimize Eq) yields[14]
intrinsic pitch Py of the mixture was measured to be (290
+10) nm using the Grandjean-Cano methad,12. There-
fore, from the relation between the center wavelength of the
reflection peak Xp cente) and the pitch of the equilibrium P

state\c p=nP, the average refractive indexis calculated wherey is the rotational viscosityp; denotes thé compo-

to be 1.56. The dielectric constants, ande were measured nent of director vector, andl is a Lagrange multiplier used

in the P and H states, respectively, by connecting a capacitadp maintain the unit length of the director. We used the same
of known capacitance in series with the sample, and measumethod that was employed in R¢&] to calculate the direc-
ing the voltage drop across it as a function of the input volt-tor structure numerically. Th€ tensor relaxation method
age(1 kHz sinusoidal wave €, ande| were measured to be was used to avoid discretization errf®,15). Flow effects
4.7 and 9.7, respectively, and thus the dielectric anisotropgnd thermal fluctuations of directors were ignored. At the
A€ is +5.0. The cell gap, which was measured interfero-cell substrates, the Neuman boundary condition with Rapini-

d n; of
— 4y,

YaE = o cyzd @

metrically, was 5.2um. All these measured values were Popoular surface free energy was emploj/&él.
used for our theoretical simulation studies and are listed in

Table I.

B. Numerical simulations

TABLE I. The parameters used in the numerical calculation of
director evolution with theQ tensor relaxation method and reflec-
tion spectra with the Berremanx4 method.

The free energy density of a cholesteric liquid crystal sys-

A y ) Symbol Value
tem, in terms of the directan is expressed g 3]:
Pitch of the cholesteric LC Po 290 nm
Splay elastic constant K11 6.3 pN
@ Twist elastic constant Ko 5.2 pN
l Polarizer A Bend elastic constant Kas 7.4 pN
O [ l> } LC cell Rotational viscosity y 90 mPas
[ (\/\Lm, Cell thickness d 5.2 um
e Lamp P Polar anchoring energy A, 5x 10" *J/n?
Pretilt angle a 6.1°
M Refractive index of extraordinary axis  n, 1.62
oscilloscope Amplifier Refractive index of ordinary axis Ny 1.52
I I Dielectric constant perpendicular €, 4.7
F— Dielectric constant parallel €| 9.7
unction ) . .
Comp Generator Light incident angle 0 3.0°
® Thickness of spatial mesh grid d/2560
Period of temporal mesh grid 1ns

FIG. 2. Schematics of experimental arrangement.
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during (a) the initial H to P transition andb) further relaxation of

FIG. 3. Optical reflectance vs wavelength and time for the pla-€ System into the equilibrium P state.

nar sample during the transition from the H state to the P state for
the time(a) 0-3.0 ms andb) 150250 ms(Note that the reflection  pletely died out and the equilibrium planar texture is formed
band for the TP state has completely disappeared and the systemijis the cell[see Fig. 80)]. To our knowledge, these interfer-
now in the P state ence fringes observed in the reflection spectra of a choles-
teric cell during the growth of the TP state have not been
The optical reflection spectra were calculated by the Berreported in previous studies. The TP state lasts for about 1-2
reman 4x4 method[17], which is suitable for stratified op- ms and then the P band starts to grow arowsd510 nm.
tical media and systems where reflection cannot be ignored:he reflection intensity of the P spectrum increases with time
To avoid the truncation error of the naive Taylor expansionwith the center wavelength moving slowly to its equilibrium
method, we applied the Caley-Hamilton theorem in computf wavelength 451 nm.
ing the transfer matrix18-20Q. Figure 4 shows the time evolution of the center wave-
length A and the peak amplitude df) the TP reflection
band andb) the P reflection band for our cell. As shown in
Fig. 4a), the center wavelength. starts at about 514 nm
Figure 3 shows a three-dimensional graph of reflectiorand evolves toward longer wavelengths at the early stage of
intensity vs wavelength and time, which was constructedhe transition. However, during this time interval, the re-
from the measured reflected signals for our planar sampléected intensity is quite weak, implying that the helical
during the transition from the H to P state. The incident anglestructure is hardly formed in the cell at this stage. As time
of monochromatic light on the LC cell was 3.0°. Figur@3 goes on, the reflection intensity becomes stronger with the
represents the relaxation process for the early stages of tliermation of the helical structure in the ceN. of the TP
transition and Fig. @) shows the reflection spectra taken band reaches the maximum value of 570 nnt=a0.5 ms,
after sufficient time has lapsed so that the system has fullwhich is the reflection wavelength of the TP state for our
reached the equilibrium P texture. In FigaB a broad re- system, and then, as shown in Figby slowly moves to-
flection spectrum, which is centered at around 570 nm, corward the equilibrium planar reflection wavelength 451 nm
responds to the reflection spectrum of the TP state. This TRith the peak amplitude increasing.
band consists of sharp interference fringes and these fringes Interference fringes in Fig.(8) are related with the grow-
vanish after sufficiently long time when the TP state is com-ing process of the TP state. To see the propagating process of

IIl. RESULTS AND DISCUSSION
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FIG. 5. Simulated time evolution af,(z) during the initial H to S Al
P transition for the planar sample. Times &g 0.01 ms,(b) 0.20 = 06
ms, (c) 0.40 ms, and(d) 0.60 ms. Thez axis is normal to the g oms 06ms
substrates. =
&£
the TP state, we numerically simulate the time evolution of
the spatial configuration afi,, the x component of the di- 07ms
rector, as shown in Fig. 5. As can be seen in Fig),5t the
early time of the transition, the value of is zero in all M
region of the sample except for the surfaces. Nonzero value 1000 e e e s a0 B0 s 80 650
of n, near the surfaces is due to the planar boundary condi-
tions at the surface. As time goes on, the directors of liquid Wavelength (nm)

crystals are twisted from the surfaces and the sample trans-
forms from the nematic phase to the cholesteric state. The FIG. 6. (@) Numerically simulated andb) experimentally ob-
reason why the transition begins from the surfaces with ma;gmed reflection spectra durlng.t'he early stages of the H to P tran-
nar boundary conditions is related to the free energy densityion for planar boundary conditions.
of liquid crystals. According to the simulation results for the
planar sample, the value of the director component paralldigurations as shown in Fig. 5 employing the Berreman 4
to the plane of the substrates at the surfaces is almost 1.0 theé4 method[17]. The interference fringes due to the Fabry-
moment the transition to the TP state begins. This is becaudeerot interferometric structure are clearly shown in the nu-
of the surface polar anchoring. This component of the direcmerically calculated spectra. Our experimentally measured
tor rapidly decreases to zero as the director directs awagpectra for the planar sample, shown in Figh)pagree well
from the surfaces. As a result, the director configuration neawith the simulation results exhibiting such periodic interfer-
the surfaces is highly distorted, resulting in the higher freeence fringes. This interference pattern in the reflection spec-
energy density near the surfaces than in the bulk. Therefordsa will be a convincing experimental evidence that the TP
the system near the surfaces is unstable, originating the trastate indeed starts to grow from the surfaces and propagates
sition to the TP state to begin from the surfaces. As thgoward the bulk as reported mainly from theoretical simula-
transition to the cholesteric phase begins from two surfacetons[8]. The experimental spectra gradually stray from the
and propagates toward the center of the cell, a spatiallgimulation results after 0.5 ms in transition. It appears that
cholesteric-nematic-cholesteric structure is formed in the cellhe system proceeds to the FC state before the perfect TP
as can be seen in Figs(B—(d). Because a cholesteric struc- state, i.e., perfect helical structure in all region of the cell, is
ture reflects one component of the circularly polarized light,formed in the cell[5,8]. As the TP state has higher energy
this spatially cholesteric-nematic-cholesteric structure willthan that of the P state, the system in this phase is metastable
serve as a Fabry-Perot interferometer. The liquid crystal maand eventually reaches the equilibrium P state. In the numeri-
terial of cholesteric texture near the two surfaces plays theal simulation, thermal fluctuations or impurities which may
role of reflecting mirrors and the bulk region of nematic exist in the cell are not considered, so that the system will
phase acts as a cavity resonator. Thereby, periodic interferelax to the perfect TP state as shown in Fi@g)6However,
ence fringes appear in the measured reflection spectra of tlie the real sample, such thermal fluctuations or impurities
TP state. may exist and cause the system to transform to the FC state
Figure Ga) displays the numerically simulated reflection before the perfect TP state is fully reached. The picture, that
spectra for our system as the TP state grows in the celthe system will pass to the FC state before the perfect helical
These reflection spectra are obtained from the director corstructure is realized in the cell, is also manifested in Fig. 4.
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FIG. 7. Simulated time evolution af,(z) during the initial H to
P relaxation for the planar sample. Thkeaxis is normal to the
substrates.

FIG. 8. Time variation ofnyl, the optical path length of the
resonant cavity, calculated frofa) the simulated director configu-
rations,(b) the simulated reflection spectra, af@l the experimen-
tal reflection spectra.

In the figure the wavelength of peak reflectahgedecreases The fact that the cavity lengths calculated from both the ex-
after 0.5 ms, and then evolves to the value of the equilibriunperimental and simulated reflection spectra are longer than
P state. This suggests that the TP state has been lasting fibie values calculated from the director configurations seems
about 0.5 ms, and then a transition to the FC state takes plage indicate that unlike the light reflections occurring at the
before the system reaches a complete twisted structure of thmirrors of the conventional Fabry-Perot interferometer, the
perfect TP statg7,8]. The relatively small reflection intensity incident light into the cell is reflected from the periodically
of the TP state compared with that of the equilibrium P statearrayed cholesteric helices rather than at the boundaries be-
also supports the presumption that a transition to the FC stateveen the nematic and cholesteric phase. Therefore, the ef-
has occurred before the perfect helical structure is formedective length of the cavity resonator that the light experi-
throughout the cell. ences is longer than the length of the nematic layer.

Figure 7 shows the simulated time evolution of #em-
ponent of the directorr(,) during the early stages of the H to
P transition. The region wherg,~1 has a nematic structure
and the region whene,~0 has a helical structure. As can be  We studied the growth and propagation process of the TP
seen in the figure the nematic layer is reduced as time goestate during the H to P transition of a cholesteric liquid crys-
on. This means that the length of cavity resonator of theal system for planar boundary conditions. In the experimen-
Fabry-Perot interferometric structure is reduced and, as a really measured reflection spectra during the initial H-P relax-
sult, the wavelength intervals between the interference peakation, interference fringes are observed, the envelope of
increase. The cavity length calculated from the simulationwhich corresponds to the broad reflection band of the TP
and also from the experimental reflection spectra show thistate. This interference pattern is assumed to be caused by a
reduction with time very well. Figure 8 shows the change ofFabry-Perot interferometric structure, i.e., the spatially
the cavity length multiplied by the ordinary refractive index cholesteric-nematic-cholesteric structure formed in the cell.
of the liquid crystaln,l, i.e., the optical path length of the The numerically simulated reflection spectra obtained using
cavity, calculated from(a) the simulated director configura- the parameters for our sample also exhibits this Fabry-Perot-
tions, (b) the simulated reflection spectra, afl the experi- type interference fringes. The change in the fringe intervals
mental reflection spectra during the evolution of the TP statewith time obtained from the experimental and simulated re-
All three graphs display a nearly linear decrementngf  flection spectra also show that the length of the nematic layer
with time. However, the cas@) behaves differently with a reduces linearly with time as the material relaxes to the TP
much steeper reduction rate than the other two cases, b&xture. These interference fringes observed in the reflection
tween which quite a good agreement is observed. This reduspectra and the reduction of the nematic layer with time are
tion of nyl with time means that the physical length of the the experimental evidences that the TP state in a cholesteric
cavity, i.e., the nematic region of the material, reduces andnaterial grows from the surfaces and propagates to the bulk
the cholesteric phase expands toward the center of the cefor planar boundary conditions.

IV. CONCLUSION
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