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Computer simulation evidence of the transient planar state during the homeotropic
to focal conic transition in cholesteric liquid crystals
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Previous experimental evidence has suggested the existence of a transient planar state during the transition
from a homeotropic state to a focal conic state. This does not appear at first to be physically reasonable. Here
we show a quantitative numerical model of this transition that shows the existence of the transient planar state
and agrees well with measured data. We compared this simulation with two experimental samples: one with
parallel boundary conditions, and one with perpendicular boundary conditions. Both samples had thickness to
pitch ratios of 13.9. The agreement of the simulation with the experimental data gives further evidence that the
system passes through the transient planar during the transition. Also shown here are preliminary results for the
second part of the transition, the transition from the transient planar state to the focal conic state, that suggest
a Helfrich-like undulation deformation.

PACS numbgs): 61.30-v, 78.20.Bh, 78.20.Jq, 83.70.Jr
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The cholesteric phase is a liquid crystal phase in which Enc=| = 2
PO 80A8K33

the liquid crystal directofthe average orientation of the long
axis of the moleculerotates in space about some akis.
The distance for the director to spatially twist 360° is definedtri
as the pitchP. The unstrainedintrinsic) pitch is calledPy,
with wave vectorqq(=27/Pg). This periodicity causes
Bragg reflection of light with peak wavelengti .
=(n)Py, and of spectral widtAA=AnP, [1]. Here(n) is
the average index of refraction, add is the birefringence
of the material.

If a chiral dopanta material that lacks mirror symmejry
is mixed with a nematic liquid crystal host, the director of
the nematic can be made to rotfd. The pitch of the mix-

In the focal conic(FC) state, the directors exhibit an in-
nsic twist about some axis, with the axis approximately
parallel to the substratdg]. If the system is in thed state,

and the field is reduced to a value of roughbly the system

will transform from theH state to the FC state8,4]. Yang

and Liu gave experimental results suggesting the existence
of the transient planafTP) state in the transition from thid
state to the FC state at some voltadf The TP state is
similar to the P state in that the helical axes are aligned
approximately along the substrate normal, however it has a
longer pitch P* ~PyK33/Ky,) [4]. However, it does not
r3‘;1ppear physically correct for the system to pass through the
TP state. It would seem easier for the system to go directly to
§he FC state. In this paper, we show that quantitative numeri-

spectrum(2]. , I cal simulation indeed shows the system passing through the
In the confined geometry of a liquid crystal cell, choles—TP state

teric material can exist in a number of textural states. The
planar(P) state is obtained when the helical axes are point-
ing approximately perpendicular to the substrates and the

pitch is unstrained. The homeotropikl) state,(also called The method used to calculate the director structure of the
the field-induced nematic stafds characterized by the di- liquid crystal system is based on the fact that nature acts to
rectors being approximately aligned with one another as in aninimize the free energy of the system. The expression for
nematic, and pointing perpendicular to the substretésin  the free energy density of a liquid crystal system in terms of
cells with d/Py>K34/2K,, (typically ~1), the H state can the directorn, is given by Eq.(3) [1]:
only be achieved by applying a sufficiently large external
field [3]. For the purposes of this study, an electric field was f=3K;y(V-A)?
used to induce this state. To achieve the transition from a . N " 1 " o .
twisted structure to thél state, the field must be above the +5Kop(A- VX A+qg)?+ 3K 3g (AX VX A)[*~3D-E.
critical value,Ecy, given in Eq.(1) [1]. Greubel derived the 3
field required to drop from thél state to a twisted state,
assuming homeotropic boundary conditions, which is given Here Ky1, Ky;, and Kz are the elastic constants for
in equation(2) [3]: splay, twist and bend, respectively,is the electric displace-
ment andE is the electric field.
5 1o During the initial stages of the transition from thiestate
E :(W_)( K2z ) (1) to the FC state, the data as shown below suggests a one-
ENTU Py | ggAe dimensional transition. However, because the director is so

of the chiral dopanf2]. If the correct amount of dopant is
added, the material can be made to reflect light in the visibl

II. NUMERICAL SIMULATIONS
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tightly twisted, we did not want to restrict the simulations soof the directoy to determinen,. One can qualitatively think
strenuously. For this reason, and because we desired infosf this noise as related to thermal director fluctuations. How-
mation on the latter part of the transition, we allowed theever, we have found that the amplitude of this random noise
system to vary over two spatial dimensions. affects the director configurations very little.

It has been found that writing this free energy as a func- Tg include the effect of the large percenta@®%) of
tion of the order parameter tensQy; instead of the director  chjral additive(CB15 from Merch in the system on the elas-
n, when calculating direptor configurations can cause Nnongic constants, we followed the report of REQ] to estimate
physical result5]. This is because the and —n equiva-  the elastic constants in our system. These authors experimen-
lence can cause the tensor approach to calculate a low energyly measured the elastic constants of a mixture as a func-
when an elastic deformation slips completely between tWgjon of weight percentage when both enantiomers of CB15
adjacent grid points, forcing the two directors to point in\yere added to a nematic host. The authors found reductions
opposite directiong5]. This problem is especially relevant s 61.5%, 58.8%, and 48.6% fdf,;, K,,, andKs; respec-
here, where it is possible for defects to form in such highyely. we can include this effect by reducing the elastic
energy areas. For these reasons, the vector approach Washstants of our system by these same percentages. For this
employed here. _ _ _ study, we used MLC 6080 from Merck as the nematic host.

Ignoring flow of the director, the dynamics of the director \ye “chose this material for its large birefringencAn(
reorientation can be calculated by setting the functional de— 0.2024) and low viscosityy; ~0.133). The values of the
rivatives of the free energy density with respect to each diy|astic constants for our system were thus adjusted from
rector componentthe elastic torqueequal to the rotational 14.4, 7.1, and 19.1 pN to 8.86, 4.17, and 9.28 pNHKaos,

torque on that component as shown in E4).[6]: Ky, andKss respectively.
This drop in elastic constants with chiral concentration
ylﬂ: — 5—f+)\ni =%,z (4) ~ can be compared to the drop in elastic constants with tem-
dt on; perature found by the same authd®. This comparison
) ) ] ) ) ) yields an effective temperature increase of roughly 25°.
where y; is the rotational viscosity. In two dimensions, To our knowledge, no work has been done investigating

the effect of chiral concentration on the rotational viscosity.
ao_ a2 =212 \N_Z [ 2 i=x,y,z. However, the rotational viscosity is only used to scale time
ony on; dx( dn| dz| dn|’ 7 in simulations; therefore, we may rescale time to coincide
‘9& dz with the data. Similarly, no work has been done to the au-
(5  thors’ knowledge of the effects of the chiral additive on the
dielectric constants or refractive indices. The dielectric con-
In Eq. (4), the Lagrange multipliek is used to maintain stants can be determined experimentally from capacitance
the unit length of the director. However, we cannot simulta-measurements. We let the planar cell relax into the perfect
neously solve this equation for the Lagrange multiplier and glanar over a period of a few days. Then we measured the
numerical update formula fon;. Therefore, thexterm is  capacitance using 0.1 V as the probing voltage. From this we
dropped, andh is renormalized to have unit length after eachmeasured, to be 5.5%0.05. To measure;, we applied a
time step, i.e., each director component is divided by théigh probing voltageg50 V) to the homeotropic sample and
total length[7,8]. measured the capacitance. This yielded a value of 14.31
Because the dielectric constant is anisotropic, the electrie- 0.5 fore . To determine the indices of refraction, we used
potential at each point depends on the director orientation & weighted average of the host and the chiral values. The
that and surrounding points. When Maxwell's equationrefractive indices have never been measured for CB15; how-
V-D=0, is discretized, an equation linear in these valuesver, the chemical structure of CB15 is very similar to the
results[8]. This can then be solved to yield a numerical nematic 5CB, with the exception that CB15 has a chiral cen-
update equation for the potential at the current grid point irter in the alkyl chairf10]. Therefore, these values were used
terms of the neighboring values of potential and directorwhen calculating the averad#1]. The indices of refraction
components. for the nematic host are 1.7100 and 1.5076 for the extraor-
In order to calculate dynamics of the system, the newdinary and ordinary indices of refraction. For 5CB, these
director field on the entire computational grid must be calcuvalues are 1.7212 and 1.5376, yielding weighted averages of
lated before any variables are updated. This ensures that dll7145 and 1.5196.
directors are at the same time step when derivatives are cal- For the purposes of this study, we assumed the scalar
culated. After the director field has been calculated and therder parameteBto be constant in space. This simplification
new values stored into the arrays, the new electric potentiadoes not allow for defects having an isotropic core. The va-
at each point can be calculated. lidity of this assumption was tested by comparing the free-
If the initial director configuration used in simulation is energy density at every lattice point with the free-energy
exactlyn=(0,0,1) everywhere, we found the calculation to density of a defect core. This assumes that the free-energy
be in a metastable equilibrium when homeotropic boundarygensity is constant between grid points. This assumption can
conditions were used. To avoid this, we started both calcuenly introduce a small error due to the fact that the grid
lations with some amount of random noise. The initial direc-spacing is not much larger than a molecular length. The grid
tor configurations were calculated by first settimgandn,  spacing is Sum/197=25.4nm, and a molecular lengths for
to random numbers between0.25 and 0.25 then using the standard nematic liquid crystals are on the order of 10-nm
relation n,=sqrt(1— n)2<—n§) (derived from the unit length [1]. The free energy of a defect core should be on the order

of of d [ of d [ of



PRE 61 COMPUTER SIMULATION EVIDENCE OF THE . .. 3953

The director configurations during the early stages of the
= i transition from theH state to the FC state are shown in Figs.

; 2 and 3. Figure 2 shows the transition for the sample with
rubbed planar boundary conditions, while Fig. 3 shows the
director configuration as a function of time for the homeo-
tropic boundary condition sample. These figures are down-
sampled from a 19X 197 computational grid. In all simula-
tions done here, the thickness in thdirection was kept the
same as in the direction, which was 5.Qum.

For this simulation, we used periodic boundary conditions
in the x and y directions. During the initial stages of the
transition, the system transforms through a one-dimensional
conical relaxation. Thus, during this part of the transition, the
periodic boundary conditions have no effect on the results.
The preliminary results for the transition from the TP state to
the FC state show feature sizes much smaller thaamb
thus indicating that the periodic boundary conditions have
little or no effect. We have performed this calculation for
other values of thickness to pitch ratio, and found very little
dependence, also suggesting the periodic boundary condi-
tions have little or no effect.

IIl. EXPERIMENT

ceaasthy : . ; To verify the accuracy of the simulation, we prepared two
samples, one with strong planar anchoring at the boundaries
and the other with strong perpendiculdomeotropi¢ an-
choring at the boundaries. The planar boundary conditions
were achieved by spin coating an organic polyimiDepont
952 seascaaccs osases 2555 which was then rubbed with a felt cloth. The pretilt
3iTsoasaaaaes S555anaaaaano000000 : angle in a sample filled with the nematic host was measured
: "Sm by the magnetic null method to be (3%9.5)°. The homeo-
tropic boundary conditions were achieved by spin coating a
strong homeotropic surfactatildrich Octadecyltrichlorosi-

L
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o lane, which we will refer to as “silane). By mixing 40% by
T weight of chiral (CB15 from Merch with a nematic host
coons soos (MLC 6080 from MercKk we were able to obtain a reflection
B e i iiacescachiu " in the visible region.

The method used to measure the pitch of the material uses
the relation between the reflected spectrum and the pitch,
Mmax={MPy. From the average indices of refraction given
above, we obtain afn) for the mixture of 1.6170. If the
planar sample is allowed to relax into tRestate for a few
hours, the “perfect”P state appears. This state has nearly all
reflecting helices aligned perpendicular to the substrates
of Klp, whereK is an average elastic constant agdis a  [12]. By measuring the reflectance spectrum for the pefect
molecular length[1]. This core has a length scale on the state in the planar sample, the wavelength of peak reflectance
order of a molecular lengtfl]. Therefore, the free energy was found to be 58810 nm. This yields aP, of 358.7
density of a defect core should be rough{ylg. For our  *£6.2nm. The measured reflection spectrum is shown in Fig.
system, this free energy density evaluates to roughly 75,808. The sample thicknesses were controlled byrs-glass
Jm 3. If this free energy density is always less than the freecylinders and were measured by interference methods to be
energy density found in calculations, no defects will form.5.0£0.2um for both samples. This gives a thickness to
Using these numbers, we found the free energy density tpitch ratio d/Pg) of 13.9+0.6. This value was used in the
always be at least a factor of 50 times smaller than thasimulations.
required for defects to form, with the highest values occur- The critical voltage to obtain thid state can be calculated
ring at the homeotropic boundaries. Two such calculationdy multiplying Eq.(1) by the sample thickness. The critical
showing this free energy density and director configurationsoltage in our system was approximately 30 V. In the experi-
are shown in Fig. 1. Figure(8 shows a typical energy den- ments performed here, the voltage applied to obtainHhe
sity diagram for the calculation with rubbed planar bound-state was always greater than or equal to 50 V to ensure that
aries, and Fig. (b) shows a typical energy density diagram the H state was fully realized. To allow the system to trans-
for the calculation with homeotropic boundary conditions. form to the FC state, it is necessary to drop the voltage from

FIG. 1. Example of free energy density calculations @rthe
planar sample an¢b) the homeotropic sample.



3954 J. E. ANDERSON, P. WATSON, T. ERNST, AND P. J. BOS PRE 61

Iz // N //

7 ceooa Poereoeoees

PO DEE NP RN OOOA00CNDDOPETE0OONOEONODDNOODNOCO600ODD

P EEDECEOODOOECRAC N ODOTOPOEE0D0CO0ONOEAADE0000T0DD

P CPEPEEEIEOOOOEEOEDIOODTEEOONONDOODODIODOOOOEBDD

430020088000300300000000000000PIr0AEN0ANANG00000TD

©0P6DOO0EOODOC00NODOCHO0ODNOO0CPNO00CODNOONOO0ODC0CDO0D0

2t 00000NMODPCODPOBOEOREEODONE0DNPCNEOODUODOUOEEORDDD

PP PP EH VPV I DTV IVIPTV IV VOIIVOTITDOPIOTIDDI DDA D®

P TIRIEPIPPTCOTROIRTDVOVDRTPVNVOCAMOOOL BT DCEM@T D@D

e ENEEIPEEEPIEYIPVITOVIDIIIIPANIDODDCDAPD DDA D DDD

ETEPPPPTICBDDEB O G IDEDEITEHODI A EFDDODVATOOPODA 1 8 © OO

g coow coooooo moooo

| )z A I % |
(a) ©

I zJ = 7

PR PEERETOOPDOIIOIOCPIOHODOORPOOITEICCICIPIOERHOE@

T PRt o PO P L P T S S S
Q80 d 0 b pOHBE
Ufefoeoma. n ﬁnsnenv“wuasme%% 00°=Q%%000°§b990n0§
©00000006000G0000A0RAREEA000000000000000000500000 88600000 e R L e N R Tt
2905000938 PN RIS ey 228003 everonnmc00s
Qoeglomwlive a#ﬂou%k“#mwogmm\)% G8aaRQe 0 @loo6 w0 “
CDEGO6E0C0O0ODONOOEEOOOODNEUGAOGEGADOOODONDOODG0D00C0000 2220003200000 0020830R200020000000203 QB0 000 89000
NS ACESI NS 0~00~Qma%m0500\\= LY S N AR A S 2
P S S e N L e I A S S R I ER S
e c O R R IR P EEEE NP EEEEER PPN DREEOEEONODEODEDDDD®D e N A Y S IS LT P S A A I 3
QGGQOPWQB%§90000Q%BQ%ﬂ&a9¢§Q P 8 QOVIIDAD S 8 O P PDYYED
cawd eQQe2c0P)BeU0Re e 0082030000200 00RO 0 30 0
YY) BDAGS 2 © BIVDOCSE DD 8 JDVEAGE 0 0 SJRIS 6 ¢ 2 YD YT TIINY
BBIBALVBLIVBIIDHIBVBVITBALVIVLDLABVIVULHABABLADDDY DO O OO § VA O GODY ° BOAD @ OCOD s anwae RS o DD
osw000®%§Q~-6000%§Qh05 I8
PN (X (NN SISV 3 Pty V2T Y ey PPN
BQ 9 B% %“B““ 8 s S Bte s S SDbE s Bees 6 atosasasanns s nne6.omanEees
2 1]
an g a0 Dgﬂ B i3
an PR posog i3 Do OMEEe OO0 PPURI O 0RO 000AAGAGED0S " 0Ee"0ADDEDI 0 0
g i og opoog i
aa g oo googn 0
1a a hij gpoan 0 srsaase eanaasse veo0o0o0ocado0anacassa00aaano e
i) i o0 gpong )
) 1 0n goonm 0
oC b 03 popood q 048041208000 0020000080008460s8c82000G00QAD0Rs4000E 000
oc i} 03 poonn H
o0g i} og og
g g B aga D C®sIEEOYACDOVOCOCOOOVBAC O P OODOIBOBADI0DACDBTDOBDT
14 g figet i z
19 ag 13888 8 Eh%amnwﬂ0¢DDQ%&QGG~QQBQBGukuwmmv@uQawcoﬂn%mamnﬁﬂ
S S O SOSOY NNy ° e 0 oD
uo%%§n0&own-uq§ oyoo,o§§aoac§§a¢pooe§ans.@Q aa&am
PP eTOITDIVVIBEELAGLEIETVIDOBIVEIRIVVIVRIIBEIDDAODY SSRe NP0 somnd 5 Ay 3 G en & A DD § Pty S m m 0 Dy & Lt D DO
2V e oD =§Q\oa000w%§aaaoQQQneaomuweaoomﬁxonaoos
en338e s oaamma$% 906o0e800)savR08PamaddwPevadRelRon
QAR O PP 0 QOB G 09¢u%'QaaonQ%Qosoa%ehoo0n§%$00000
PP PP EDEIPOPIRCPICTOPICOOIVVVODEDTOODADOTDINDD®D PRy S OOQQQQQQQ Y Y ) SN Y N S S v
m%ﬁ\oaaoao SR8 8 %Qogs-%masaameQQDAmaQBsﬁﬁan
Do 8 0%%3\0 000\a%0 O N R RS R oI I Rl
2032303000003 a3100000Nas00000000N00RGC0A0Ad30000000 Rt Y ) SRR 2 R e N Y Y R S L L LA S A A A
e Egﬁa%ﬁﬂUHWQ“ﬂasﬂﬂﬂ!“EBg5°V“E!gﬁ“““ﬂgﬂﬂm“Qﬂbgaan
228002 902 EPDBND0 0002008 0000080000018800030R0 000
000085033 A00IM00000IEOTAC00A0GGA0AATAAITIVIDARCRD Tlengroncagleheseselelotpddotonesfolsoroefogmrale
Qgsnayo\ﬁngna“a ool bwoeeiborojeidocsloiowmegle
QAP 0 TIDE ] © VDEDP P 6 § QBB ¢ IDORY 0 FIDRE Y © YQWDEP [
B DD D ®® oD 56D 665000 P6E000 000D EEEDE00SeEDD PRAIGAAAR DG4 DDA 9 DI A DD-PINE SO SH0A SIS DI S

% % Z iz

(b (d)

OPEPOOODG L0 CEDODIDLHNODNDIODEOOOHI0LITE OGO 8 MO
NSV Rog 3y 3 887200
9000 00w o nﬂegozmsgagao 23080s008eRed e sseoeomed
906 00&%%0 vjdfocwQoloalo0ReBR80 00 loUBod 0000000
Q8806w aiafgfoorB8laofosReq00s0etsl0]iocan00els
30080 g e&%mogngm a&%nogaaa%Qonz 2D Y PP Pe samta s
Qoei&Zs 0380006 00000808002%3380806038080080800020%80
Qepfofe(8086080003308000000000000000080080000m0}0(
VRP2YLoBVBNOP Y080 )08 8REF TR 8087023080
I A 3 IS A U AT S 23 P L AR RSP R A S DI Na L BA ﬂa%n%e
R00060a0°380080020008000029030000038 0820060829888 %
QePe0Pe33809¢ 0820080000000 sm000930800006 0880888
QWRPPHPDaYIQPe PIODe VAP PoaYP0 Y CERS ST wa] 583“3Q
20 2002wNR0BeP000VRQVE 0P PANOVROFLBV QD000 F0UDBRVS
R A S S R R R S N S A A S S A AR I S AR TINNY
BAPPODEEQY DB P IODIV DB IIDNDe AP0 IND AP0 PP SBVRN D
2000800 IVR 00000900000 20008ABOVOGEIGD0020 L0030 e
00 H0N8A0LI ¢ 053V V00D 8 2 FWORPIP0YY 0 BRAD 9 P 06 90
amePdonateome JondsasePfesA3080008000ssa0P8ma(Ve®
DO L PIJFIVOOLO I INRY : O QBVQD
A R AN S R AR S R A A P It A Al S Pt L0 3 St
st XA D chidibna FIVVDOOROP 2 § VDY § @ ®FYDEREBAF 6 3 YD
a0 © (%3 seame -9 000 soam
nmh nw¢¢mnusonuencm‘:bn upow§§e QL vV T ¢ PAAIDBOESCID
IQYYOP EOD YEFP O G B BHODID 6 ©
=l:||:0¢n99\=nﬂu=nl:- e §.§0000§ @ PP d @ 8 o 6 » § e
cozqQe floncaa(80l00000000000000000000PPeYB 8 0.
=653Qe ooy (341000300000 8000 2 0nRIGC0 00§ Y oo
22063DY 0 PPEaGYRD ¢ PPIYB D@ OB canioNs oo Yo g0
23860l aoniYR00)f0adq08 0000020808000 08:08600005
OQR/IYP PP 8 2IVG S B Y J 0 STVINRFID VDY : [
P Y AR S I R N R X b R S S R A GRS I A
E080DePPerno3QeePPemi08000600000028008L80°8Q000 5
208888000 PP DO 0 R e O AR A I Svefege
083a0000000 030007700880Vt dolleooffaded0fe
SREQVRZ P 0OV H 0280867000008 7538380700W)0mgoc
o380/ @GIQOBVe0068000000000 2020040900000 e efege
200302608 0809300008008 300 7ad006000 8828 gaye0e I8
228200000 000200Qm00809890g0eYgfodrbeefPoVbamegdo
oheQsmPreJoJole eaﬂdomhﬁ%oosme%hﬁ&ﬂcm§§é&sua$Qo o=
23893002080 83888000a3@m 0 dohy cmene O 2@ g sRBPPPD
080 00mmRo ) 830000000880 000008800003800000008m0 0
=% ﬁeOsbcoscmﬁaamaaoer3009amunuaonsnu000a 88060
° uﬂooamaoaaae%“agnaoﬂs 28 OEHDHDEWBSGUBHD u&» nHe
6 Q%&Evmﬁtghﬁﬂnmv efogafgafeNefsnlieledoalel-Ralele
elsaegoateltstocosselcSoolofanoefalogoeyeyenaosls
L N S R Y A A T A A S A A T A
5B RDP B LD OB OTDDP DI BIID 2D LTDO I D5 BDDP 6 I GIDIEE D

FIG. 2. Simulated director configuration during the transition from the homeotropic state to the focal conic state for the planar sample.
Times are(a) 0.03,(b) 1.03,(c) 1.52,(d) 3.03, and(e) 4.55 ms. Substrates are shown for clarity.
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FIG. 3. Simulated director configuration during the transition from the homeotropic state to the focal conic state for the homeotropic
sample. Times aréa) 0.03,(b) 0.606,(c) 1.03,(d) 3.03, and(e) 4.55 ms. Substrates are shown for clarity.
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T 7 Wheree=¢, cog f+¢, sir? 6,

®

whereNy is the number of lattice points in thedirection,
N is the number of lattice points in tledirection, andd is
the angle between the director and thexis. For the mea-
sured data, the effective dielectric constant was calculated
using Eq.(7), while Eqg. (8) gave the value for the simula-
tions.
[ For the planar sample, th%-Z plane is different from the
0.0 . . . . . Y-Z plane because of the directional nature of the boundary
400 450 500 550 600 650 700 conditions induced by the direction of rubbing. To include
Wavelength [nm] this effect, the simulations were performed in both planes
' and the effective dielectric constant was averaged. The cal-
FIG. 4. Measured reflectance spectrum from the “perfect” pla-culated director configurations had no significant differences,
nar structure in the planar sample. probably due to the fact that thi¥ P, ratio is quite large.

As noted above, the rotational viscosity for the simulation
the H state value not to zero, but to an intermediate biasnust be adjusted to take into account the high percentage of
voltage. Equatior(2) can be used to determine the correctchiral. It was found that a good fit was obtained if the rota-
value of the bias. For our system, this yields a voltage otional viscosity(which scales timewas reduced by a factor
roughly 13 V, agreeing well with our experimental values of of 3.3. This shift can be explained by the fact that adding a
15 V for the rubbed planar sample and 10 V for the homeodarge amount of CB1%which is isotropic at room tempera-
tropic sample. These experimental values were also used tore) lowers the transition temperatur&4], thus effectively
calculations. bringing the system closer to the transition, and thereby re-

Three experiments were performed to verify the numeri-ducing the viscosity. The rotational viscosity drops by ap-
cal simulations. First we measured the capacitance of thproximately a factor of 2 every 10 °14]. This suggests that
samples as a function of time. This can be accomplished bghe transition temperature dropped by about 17 °C, agreeing
connecting a known capacitandg,, in series with the well with the reduction found based on elastic constant re-
sample and measuring the voltage across the known capaduction. Therefore, we renormalized time for the homeotro-
tance as a function of tim@3]. The equation for the capaci- pic simulation data usint,e,=toq/3.3. For planar boundary
tance of the sample is derived in E@). We ensuredC,  conditions, the initial director configuration contained a
>C.c, so that the voltage drop across the liquid crystalsmall twist-splay region at the surfaces as shown in Hig. 2
sample was very close to the applied voltage. When perform¥he thickness of this layer can be calculated using @y.
ing this experiment, the frequency must be low enough tq15]. The 6, in the coefficient of Eq(9) is the polar pretilt
allow full charging of the system to obtain quantitatively angle in degrees. In this study, this was 9@®.75°
correct capacitance values. In our experiment, the value of 86.25°.

Cy was 0.455uF, and the driving frequencies were 4 and 10

Reflectance [%]

; 12
kHz for the planar sample and the homeotropic sample re- _[ b e _1/Kave

spectively: 0(x)=| goe| 2 arctane "], fe=p Aggg) ©

Vineasured  Crotal 1 1 1 The average dielectric constant as a function of time for
— =+ — . . . .
Vapplied Co ' Ciota Co Cic’ the two samples is shown in Fig. 5. The reader will note that
(6) the average dielectric constant for homeotropic boundary
CoCic Vmeasured conditions is held for a short time in the state, while the
Cota= =7~ =Cic,@Cc=Coy——. planar sample starts relaxing immediately. The curves for
CotCic V applied

both boundary conditions reach a minimum slightly after 1
The capacitance of a dielectric sample between two conMS- The fact that, at this minimum, the value of the average

ducting plates is given by Eq7). dielectric constant is close to the value ©f implies a di-
rector configuration where the average polar angle of the
C=¢egpAldy, (7)  director is close to 90°. This condition is satisfied by the TP

state. However, the experimental results do not show the TP
wheree is the relative permittivity or dielectric constanty;  state being as “perfect.” This could be caused by any com-
is the permittivity of free spacé.85x 10 *?Fm 1in MKS  bination of the following factors. The Helfrich-like distor-
units), A is the area of the plates, ard}, is the spacing tions do not occur in the model unless there is noise. If noise
between the plates, in this case the sample thickness. Howvere added differently, this could influence the TP state. The
ever, as noted before, the dielectric constant of a liquid crysgiven values of the elastic constants when CB15 is mixed at
tal system is anisotropic, and therefore depends on directat0% with MLC 6080 are only approximate. A shift in the
orientation. Hence an average dielectric constant, given bi;3/K,, ratio could also affect this state. Finally, the fact
Eq. (8), must be used, that the simulation is restricted to two spatial dimensions
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ol v v e ] FIG. 6. Measured helical axis distribution for the transient pla-
0 1 2 3 4 5 nar state in both samples. The sharp decrease in reflecting helices
Time [ms] indicates the transient planar state is a “perfect” state.

FIG. 5. Dynamics of the effective dielectric constant for both . . . .
samples. The solid lines and symbols represent the experiment!i?wIng procedure was implemented. First, the approximate

results, while the dashed lines and open symbols show the simul&lirection of the light travel through the material was deter-
tion results. Notice that the data for the homeotropic sample arénined from Snell’'s law. Next, a series of light paths through
held in the homeotropic state briefly. the sample was plotted, with a light path originating at each
lattice point along the=0 substrate. At each point where
might also play a role. Work is currently underway to matchthe light path intersected a horizontal Iattige line, the direc_tor
the experiment with the experiment better. was calculated through a linear extrapolation from the points
In the second experimental apparatus, collimated mono?earest the intersection. A coordinate transformation was
chromatic light was incident on the sample at an angle then applied to the determined director at each intersection
from the substrate normal direction. Only light reflected di-such that the light vector became théirection. The result-
rectly back along the incident light directigwith an angular ~ ant series of new directors along each light path was then set
precision of roughly 3f was measurefl12]. Because light up as a column in a new director configuration. ZHattice
reflected at oblique angles from cholesteric helices was natpacing of the new director configuration was increased to
measured in our setup, the measured reflected signal is dikccount for the longer distance light must travel to traverse
rectly related to the density of reflecting helices with axesthe sample obliquely.
making an anglex with the substrate normal and with pitch At this point, a representation of the director as seen by
in the rangen/n; to A/n,, where\ is the vacuum wave- |ight incident at an oblique angle was obtained. In order to
length of light. Thus we can measure the spectrum as a fungtetermine the presence of helical axes along this light direc-
tion of time to experimentally confirm the existence of thetion director elements that were not approximately perpen-

TP state{12]. By varying the angler, we can obtain infor- gicylar to the incident light directiofthat is, the newe di-

mation on the orientation of the reflecting h_elices in the TPrectior) were eliminated. The allowance condition for a
state. Snell’'s law can be used to relate this angl® the

: . ~director element to be perpendicular was that it was titled
angle of the helix,6. Figure 6 shows the measured helical petp

away from the light-normal plane by less than 3°. A value of

axis distribution for both sample_s. This figure cIea_rIy ShOWS3° was chosen because the measured divergence of the inci-
that, for both cases, the transient planar state is approx

: ; . Gent light beam in the retro-reflection apparatus was about
mately a perfect state, having nearly all its helical &X€%50 which adjusted for refraction gives a 3° light cone inside
aligned perpendicular to the substrates. ’ J 9 9

To calculate the optical transmittance of the simulateoIhe I|ght crystal.. )
two-dimensional director configurations correctly, a multidi-  With only helical components approximately parallel to
mensional numerical solution of Maxwell's equations wouldthe light path remaining, it was necessary to develop a
ensure accuradil6]. However, this is exceedingly computer method for analyzing |r1d|V|duaI hellce_zs. For each hellx,_t_he
intensive[16]. For this reason, we decided to develop a Ioro_pltch and degree of twist was determined from the modified
gram which would convert the director Conﬁguration into adifECtOf structure. Based on this pitCh and twist, a distribu-
series of helical structures oriented along various axes, anién of reflections at various wavelengths was determined
determine the reflective properties of the calculated directofrom a look-up table. The table was developed by calculating
indirectly through comparison with Berremarx4 calcula-  the reflections at various wavelengths from cholesteric heli-
tions [17] of reflections from helices of various degrees of ces of varying twist. In order to compare the resulting data
twist. directly to the measured retroreflection data from experi-

In order to determine the helical components of a directoment, an array of bins of width 25 nm ranging from 375 to
configuration along a given incident light direction, the fol- 1100 nm was used. For every helix, the degree of reflection
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FIG. 7. Measured and simulated reflectance spectrum for the
transient planar in the planar sample.

at percentages of the central reflective wavelength from 60%
to 140%, with a step size of 1%, were placed into the corre-
sponding bins.

Because we are only calculating the nearly on axis optics
for the nearly uniform TP state, this approximation is very
good. Figure 7 shows the measured and simulated reflectance
during the TP state for the rubbed planar sample. Figure 8
shows the reflectances for the TP state in the homeotropic
sample. The experimental spectra in these figures were ob-
tained with an angler of 7°. This is the smallest value we
could obtained without measuring specular reflection from
the glass-air interface. The experimental and calculated
curves agree very closely for the rubbed planar sample; how-
ever, the difference between the experiment and simulation
for the homeotropic boundary condition suggests that the
values of theK 33/ K 5, elastic constant ratio assumed in simu-
lation is larger than in experiment. The peak in the blue is
probably due to multiple off-axis reflections. This would
cause a blueshifting of the wavelength of reflected light

Third, we connected an Oriel flash lamp to a Nikon
Optiphot-2 polarizing microscope. The flash lamp is trig-
gered by a delay box, which delays the trigger from a Stan-
ford Research Model DS345 Function Generator. The mea-
sured duration of the flash is approximately 9 ns. This
ensures that we obtain clear pictures at precisely the time we
desire. These photos are shown in Figs. 9 and 10. The pho-

800 — . . . . . : 0.6

500
e  Experiment 105

Simulation

400

0.4

300
0.3
200

0.2
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Simulated Reflectance [arb. units]

100

600 700 800 900 1000 1100

Wavelength [nm]

01

0.0

Experimental Reflectance [arb. units]

FIG. 9. Microscope photographs of the textures in the planar
sample. Times aréa) 1.25,(b) 1.5, and(c) 2.0 ms.

tographs of times before 1.25 ms for the planar sample and
1.0 ms for the homeotropic sample were too dark to be de-
veloped, suggesting there were no domains present. Also, the
significant increase in domain density from 1.25 to 1.5 ms

FIG. 8. Measured and simulated reflectance spectrum for th&or the planar sample, and 1.0 to 1.25 ms for the homeotro-
transient planar in the homeotropic sample.

picsample imply that domains start to form at roughly 1.13
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FIG. 11. Close up of Helfrich-like undulation distortion in the
transition from the transient planar state to the focal conic state in
the planar sample. All calculated data points are shown.

IV. DISCUSSION

The numerical simulations show the directors dropping to
the TP state on the way from th+ state to the FC state for
the values of applied voltage used here for both planar and
homeotropic boundary conditions. This transition to the TP
state is accomplished via a one-dimensional conical relax-
ation. It has been theoretically suggested that the pitch of the
TP state should bk 33/K P [4]. For our system, this quan-
tity evaluates to 800213.8 nm. The pitch of the TP state
found in experiment is 609:26.2 nm for the planar sample,
suggesting that the pitch does wind up somewhat during this
conical relaxation. The pitch is more difficult to measure in
the homeotropic sample because the reflectance peak is not
as sharp, but can be estimated at 563%2.0 nm. The simu-
lations give the pitch in the bulk to be 612:22.7 nm for
the planar sample and 714:%2.0 nm for the homeotropic
sample, agreeing very well with experiment. The large un-
certainty for the homeotropic sample is due to the distribu-
tion of pitches in the sample. The discrepancy in the homeo-
tropic data could be caused by errors in the elastic constants
used in simulation. This is not a problem for the planar
sample, where the boundary conditions force the system into
an integer number of turns. Therefore, we now have quanti-
tative numerical evidence that the director configuration re-
sponsible for the reflectance peak at longer wavelengths and
the minimum in the capacitance curve during the transition
from theH state to the FC state is indeed the TP state.

The simulations suggest that the TP state grows in from
the surfaces for planar boundary conditions and from the
bulk for homeotropic boundary conditions. This agrees with
Mi and Yang, who performed a one-dimensional simulation
of the transition from théd state to the TP state to tiRestate

FIG. 10. Microscope photographs of the textures in the homeof18].

tropic sample. Times ar@) 1.0, (b) 1.25, and(c) 1.5 ms.

Our preliminary calculations for the latter part of the tran-
sition suggest that the TP state transforms to the FC state
through a Helfrich-like undulation distortigri9]. Figure 11

ms for the planar sample and 0.83 ms for the homeotropishows a close-up of such a place in the calculation with
sample. The simulations show the onset of a periodic struccubbed planar boundary conditions. This is very similar to
ture that eventually leads to domains starting at approxiwhat we have recently found for the transformation process

mately the same times.

from the TP state to th® state[20]. This distortion during
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the transition from the TP state to the FC state grows frontonditions and one with perpendicular boundary conditions.
the surface in the planar sample, while in the homeotropid@he agreement of the simulation with the experimental data

sample, it grows from the bulksee Figs. 2 and)3 indicates that it is indeed energetically preferable for the sys-
tem to pass through the TP state during the transition from
V. CONCLUSIONS the H state to the FC state. Also shown here are preliminary

results for the second part of the transition, suggesting that

_In this paper, we have shown quantitative numerical modihe transition from the TP state to the FC state starts via a
eling of the transition from théd state to the FC state that Heg|frich-like undulation distortion.

shows the existence of the TP state and agrees well with

measured data. Previous experimental evidence has sug- ACKNOWLEDGMENTS

gested the existence of this state; however, it did not appear

to be physically reasonable. We compared this simulation This work was supported under NSF ALCOM grant No.
with two experimental samples: one with parallel boundaryDMR 89-20147 and DARPA N61331-96-C-0042.

[1] P. G. de Gennes and J. Proghe Physics of Liquid Crystals [11] L. M. Blinov and V. G. Chigrinov,Electrooptical Effects in

(Oxford University Press, New York, 1983 Liquid Crystal Materials(Springer-Verlag, New York, 1994

[2] D. Davis, A. Kahn, X. Y. Huang, and J. W. Doane, SID Dig. [12] P. Watson, V. Sergan, J. E. Anderson, J. Ruth, and P. J. Bos,
Tech. Pap29, 901 (1998. Lig. Cryst. 26, 731(1999.

[3] W. Greubel, Appl. Phys. LetR5, 5 (1974). [13] X.-Y. Huang, Ph.D. Thesis, Kent State University, 1996.

[4] D.-K. Yang and Z.-J. Lu, SID 95 Dig. Tech. Pap6, 351  [14] W. H. DeJeuPhysical Properties of Liquid Crystalline Mate-
(1995. rials (Gordon and Breach, New York, 1980

[5] J. E. Anderson, P. Watson, and P. J. Bos, SID Dig. Tech Pagd.15] E. B. Priestley, Peter J. Wojtowicz, and Ping Shdngoduc-
30, 198(1999. tion to Liquid Crystals(Plenum Press, New York, 19¥5

[6] D. W. Berreman, Appl. Phys. Let®5, 12 (1974). [16] C. M. Titus, P. J. Bos, and J. R. Kelly, SID Dig. Tech Pag.

[7] S. Dickmann, J. Eschler, O. Cossalter, and D. A. Mlynski, SID 624 (1999.
Dig. Tech. Pap24, 638(1993. [17] D. W. Berreman, J. Opt. Soc. A2, 502 (1972.

[8] Hiroyuki Mori, Eugene C. Gartland, Jr., Jack R. Kelly, and [18] Xiang-Dong Mi and Deng-Ke Yang, SID 98 Dig. Tech. Pap.
Philip J. Bos, Jpn. J. Appl. Phy88, 135(1999. 29, 909(1998.

[9] I. Fedak, R. D. Pringle, and G. H. Curtis, Mol. Cryst. Liq. [19] W. Helfrich, Appl. Phys. Lett17, 531(1970.
Cryst.82, 173(1982. [20] P. Watson, J. E. Anderson, V. Sergan, and P. J. Bos, Liq.

[10] Information supplied by Merck. Cryst. 26, 1307(1999.



