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Evolution of disclinations in cholesteric liquid crystals
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We studied the evolution of defect linésily streaks in cholesteric liquid crystals. In contrast to nematic
liquid crystals, there were no interactions between the defect lines in cholesteric liquid crystals. We observed
experimentally that individual open defect segments shrank with time with a linear relation, and individual
defect loops shrank with time with a square root relation. We also observed that the defects in cholesteric liquid
crystals were mainly interconnected loops, and the total length of the defect lines decreased with time loga-
rithmically because of the distribution of loop size. The decay constant depended on the helical pitch of the
liquid crystal and temperature.
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INTRODUCTION first method, we used an optical microscope to examine the
evolution of the defect lines. In the second method, we moni-
The evolution of defects in physical systems is of consid-tored the capacitance of the cholesteric cells as a function of
erable interestl—4]. The dynamic behavior of the defects is time. The capacitance which is sensitive to the density of the
expected to be dependent on the dimensionality, symmetrglefect lines where some molecules are perpendicular to the
and interaction between defects of the system. Liquid cryscell surface, instead of being parallel to the cell surface as in
talline phases possess various symmetries in one, two, aride planar texture. We observed that the density of the defect
three dimensions. They are very useful systems to be used tifes decreased logarithmically with time. Based on the as-
study the dynamics of defects, because of their low experisumption that there is a distribution of the lengths of the
mental cost, the time scale involved, and ease of experimerflefect lines, we also developed a model which can explain
tal observatior{5—8]. Considerable work has been done onthe observed dynamic behavior of the defect lines.
the dynamic behavior of defects in nematic liquid crystals
which consist of elongated organic molecu[&s-9]. They
possess long range orientational order but not positional or-
der. There are interactions between line defddisclina- The cholesteric liquid crystal was a mixture of nematic
tions) in nematic liquid crystals. The dynamics of the coars-liquid crystal BLO0O6 and chiral dopant CEfrom Merck).
ening of the line defects is governed py:t ™%, wherep is  The pitch of the liquid crystal was adjusted by varying the
the density of the defect lind$,6]. concentration of CE1. The mixture was filled in a vacuum
Cholesteric liquid crystals are similar locally to nematic chamber into cells consisting of two parallel glass plates with
liquid crystals: the average direction of the long axis of thetransparent ITO electrodes. The cell thicknassas 5um.
molecules is along a common direction called the directorThe inner surface of the cell was coated with polyimide and
The director, however, twists around a perpendicular axisubbed to generate homogeneous alignment of the liquid
[9]. When the pitch of the helical structure is short, the cho-crystal. This liquid crystal has a positive dielectric anisotropy
lesteric phase can be considered an incompressible layeregid tends to align parallel to an externally applied electric
mesophase. The most common defects in cholesteric liquifield. At zero field, the liquid crystal was in the planar texture
crystals are oily streakgl0,11. The defects are localized with the helical axis perpendicular to the cell surface. When
because the director distortion occurs within a small regiora sufficiently high field was applied across the cell, the liquid
with size comparable to the cell thickness. There is no intererystal was switched to the homeotropic texture where the
action between the defect lines. Zapotoehyal. studied the  liquid crystal director was aligned parallel to the field. The
coarsening of the line defect®ily streak$ in cholesteric  applied field was then reduced slowiy a few secondsto
liquid crystals[12]. They observed that in a pure cholesteric zero; the liquid crystal was transformed into the focal conic
liquid crystal system the defect densjtyhas the temporal texture and then into the planar texture. There were many
dependence of (%t/ty). Studying the defects in choles- defect lines, called “oily streaks,” where the cholesteric lay-
teric liquid crystals is also of practical importance. In manyers were bent. The oily streaks were not favored by the align-
cholesteric applications, such as cholesteric polarizers anghent layer and had a higher free energy. They shrank and
light shutterd13—-15, perfect planar texture without defects eventually disappeared.
is desired. Understanding the defects can help to eliminate We used an optical microscope with crossed polarizers to
them. study the evolution of the defect lines. Figure 1 shows the
We used two methods to experimentally study the dynammicrophotographs taken during the evolution. They were
ics of the oily streaks in cholesteric liquid crystals. In thetaken at 0, 10, 60, and 460 s, respectively, after the applied
field was removed. The pitch of the sample was 1.07.
The defects were mainly interconnected loops. There were
*Corresponding author. Email address: dyang@Ici.kent.edu more small loops. The defects shrank with time. Smaller
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FIG. 1. Microphotographs of the defects in the cholesteric cell Time (ms)

taken in the evolution. ) )
FIG. 3. The length of the open defect line vs time. Symbols,

. ) ~_ experimental data; solid line, the linear fit.
loops disappeared earlier. There was also a distribution in the

lateral size of the defect lines. Smaller lateral size defec{

. e ) . he total length of the defects was large. We used another
lines annihilated faster than larger lateral size defect “nest'echnique dielectric method, to study the evolution of the

Because of impurities and .surface irregularities in thedefect lines, where the capacitance of the sample was moni-
sample, there were some residual defects even after a Ior{gred as a function of time. The voltage used in the experi-
evoll_mon _tlme_[lz]. The defeCt loops were elongated in the ment was sinusoidal wave with an amplitude of 100 mV and
rUb,:)tlr;gtgrlrgfa?o;sOc]:ft?r?eazlallgr?imlear:itolr?yirssiﬁ a video camera® frequency of 1 kHz. When the liquid crystal was in the

) S 9 . Blanar texture, the liquid crystal director was parallel to the
we were able to photograph some isolated defects. Figure &ell surface, and the capacitance per unit area ayas /h.

shows the shrinking of a defect line. The time interval be- I ! .

tween two consecutive photographs was 0.5 ms. The IengtWhen the liquid crystal director was perpendicular to the cell
: o PR surface, the capacitance wage, /h, which was larger than

of the defect as a function of time is plotted in Fig. 3. Ap- Ih. In the oilv streaks. the liquid crvstal director was

proximately, the length of the defect decreased linearly wit T y ’ q y

time at the rate of 19@&um/ms. Figure 4 shows the shrinking (;Ietﬁdsﬁ\r,::gefrgmrfgﬁipﬁgec()f;?a? gﬁgc-{:re;g;?ngf frr(;?utglf
of a defect loop with time. The time interval between two q ry 9ed g Y

consecutive photographs was 2 s. At the beginning the Ioogl??agg 'tl'ohgs fgowi tuzrmégdfcﬁfnn;o:htgﬁ ?r?;ecratr?at??efgﬂre
was an ellipse. It gradually changed into a circle because A as r(-)duced Thg orient;)tion of the liquid cf stal in the
the positive line tension. The circumferencevas approxi- P i q y

_ defect line was independent of the density of the defect lines
mately calculated by=7(a+b), wherea andb were the ) .
) . . as long as the distance between the defect lines was more
lengths of the major and minor axes, respectivélas a

function of time is plotted in Fig. 5. The shrinking rate of the than a fewh. Thus the increment of capacitance produced by

loop was much slower than that of the linear defect. weP e’ unit Ie_ngth defect was a constant. As an a_pproxmatlon,
the capacitanc€ of the cell was linearly proportional to the

discuss the shrinking rate more below. When the radius of Stal lenathL. of the defect lines

the defect loop became close to the lateral size of the defect, 9 '

the situation was very complicated and will not be discussed

in this paper. C=Cy+CyL, (D)
We had a difficult time measuring the total length of the

defects as a function of time by using image analysis. Only a hereC h . f the bl q
small portion of the sample was observed under the optical/"€r€Co Was the capacitance of the planar texture &n

microscope. We found that the temporal behavior of the tota'\gvas zli:_constzént r(]jepen?]ent on the Iaterafl size I(I)f the defect
length of the defect was similar to that of the capacitance of "€ Flgure 6 shows the capacitance of a cell at various
the cell, which will be discussed below, but the error bar of
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FIG. 2. Microphotographs showing the shrinking of the open  FIG. 4. Microphotographs showing the shrinking of the closed
defect line. defect loop.
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FIG. 5. The length of the closed defect loop vs time. Symbols, Time (s)

experimental data; solid line, the square root fit. ] ) )
FIG. 6. The capacitance of the cholesteric cell as a function of

temperatures as a function of time. The pitch of the cell wadime at various temperatures.

0.53 um. The curves were fitted well by logarithmic func-

tions. Because the defect shrinks from both ends, the real shrinking

rate is 2f/vy, . By fitting the data, the shrinking ratef2y, is
found to be 19Qum/s.
ANALYSIS Here the defects are oily streaks whose free enéngy
Let us first consider the dynamics of individual defectcontributed by the bend elastic energy, defect core energy,
lines. A cholesteric liquid crystal with a short pitch can beanchoring energy at the cell surface, and the wall energy
regarded as an incompressible layered material with laydrl1]. To estimate the order of magnitude of the free energy,
thickness equal to half pitch. The defects under study in thigve calculated the bend elastic energy. one. In the
paper are oily streaks where the layers are bent. The bendidg/ibensky—de Gennes coarse-grain the@iy the bend elas-
of the layers only occurs in a region with linear size compa-iC energy per unit length is given by
rable to the cell thickness, and the lateral sizes of the defects h1(3 1)2 3 h
are also comparable to the cell thickness. Therefore there is f:J —(—K ) _) rdr=—K In(—
. : . X 33 33
no interaction between two defect lines unless the distance p2\8 r 16 P
between them becomes comparable to the cell thickness.
Consider a defect line; its total free energyastic energyF ~ whereKs; is the bend elastic constant. We do not know the
is related to its lengtt by value ofK 35 of the liquid crystal used in the experiment. In
order to estimate the value of the viscosity coefficignt we

)

F=fl, (2
independent of whether the defect line is a closed lodpen
the radius is much larger than the lateral size of the dpéect
an open segment, whefés the free energy per unit length.

useKg=10 ' N, P=1.07um, andh=5um. We getf
=2.8x10 2 N. Then from the shrinking rate of the open
linear defect we gety;=3x10"° Ns/m. We do not know
how v, is related to the rotational viscosity coefficieptof
the liquid crystal, which is usually on the order of

Note the lateral sizes of the defect lines may be different and0™! N s/n?. Because of their dimensiong should equal

the free energy densities are different. Because the defectise production ofy and a characteristic length which may be
cost energy, they are not stable and therefore shrink witlthe linear molecular size.

time. Dynamics involved in liquid crystal is usually over-  For a circular defect loop with radius which is much
damped, i.e., the elastic force is balanced by the viscositiarger than the lateral size of the defect, the elastic energy
force. For an open linear defect line, the decrease of theaused by the curvature of the loop is negligible and the total

length of the defect line is described by

al JF

—:——:—f
Yot al ’

)

where y; is the effective viscosity coefficient. Equati¢8)
gives

elastic energy of the defect loop isr2f, and the viscosity
force is given by— y,(27r)(dr/adt). The dynamic equation

oF  o(2mrt)

ar ©®

=—27f,

where vy, is the effective viscosity coefficient of per unit
length defect(note, y, has a different unit fromy,). Equa-

= —_— < —_ . .
=1, 71t for t<t; Ty (4)  tion (6) gives
2
wherel is the initial length of the defect line. This linear r=+/ra— Z_ft for tgtzzr_o, (7)
behavior agrees with the experimental result shown in Fig. 3. Y2 2fly,

041701-3



F. ZHANG AND D.-K. YANG PHYSICAL REVIEW E 66, 041701 (2002

wherer g is the initial radius of the defect loop. The circum- -2.5 ' ' '

. ) : —=— 0.45 pm
ferencel of the loop as a function of time is H
-3.0] —e— 0.53 um
8m?f 12 e
I=\[12— ——t for t<ty=—5—, ) 3.5 4—0.60 pm|
Y2 8mfly, e
=~ a0 e 0.83 pm}|
wherel g is the initial circumference. Equatidi®) fits fairly Eti v\v\:\’\.\:—H 1.07 um
well the experimental data as shown in Fig. 5. By fitting the — 4.5 :EA\A\'\v\V\.\‘ .
data, 87°f/y, is found to be 228Qum?s. Using the free '\:Q:Q:\A\ T,
energy calculated earlier, we get=1x10"! Ns/n?. Al- -5.01 \'QEEQQ\A 1
though vy, is close to the rotational viscosity coefficiemt .
we also do not know how they are related to each other. The RS 31 32 23 34
shrinking rate of the defect loop is much slower than that of 1/ T (0.001/K)

the open linear defect line. This is because of the different

shrinking mechanisms involved. For the open linear defect G, 7. The decay constant of cholesteric cells with various

line, only the molecules at the ends need to rotate to generagfiches vs inverse temperature.

the shrinking. For the defect loop, all the molecules in the

loop need to rotate to generate the shrinking. ferent temperatures. At higher temperature, the viscosity was
Now we consider the total length of the defects in thelower, and therefore the defects annihilated faster. According

sample. The defects are mainly loops interconnected &b Eq.(10), In ac—AE/KsT. The values ofx at various tem-

nodes. The circumferences of the loop are not the same bgeratures for cells with various pitches are plotted in Fig. 7.

widely distributed. There are more smaller loops than largein « vs 1/T was fitted considerably well by straight lines. For

loops. They all shrink with time. Smaller loops annihilate atexample, when the pitch was 0.x8n, the energy barriek E

earlier times. We attempted to derive an analytic expressiofor the viscosity was 0.17 eV.

for the total length of the defects, but did not succeed be- The evolution of the defects in cholesteric liquid crystals

cause of a lack of the distribution function of the defect loopwas also pitch-dependent. The elastic energy per unit length

size. of the defect line(oily streak was linearly proportional to
The experimental data of capacitance as a function datthe helical pitchP [10]. The higher the elastic energy density,
can be fitted best by a logarithmic function, the higher the line tension of the defect line, and therefore
the faster it shrank. The decay constambtained by fitting
C=Ciita—C' In(at+1) the experimental data as a functionfbls shown in Fig. 8. A
1 linear relation given by Eq(10) described well the relation
for t< - [ e(Cinitat ~ Cstapid/C" — 17, (9)  betweena andP.

where Cj,iia IS the initial capacitanceCg,p e is the stable CONCLUSION

capacitance at a time long after the field is removed,is We studied the evolution of defectsily streak in cho-

the increment capacitance produced by the defects whiclesteric liquid crystals using optical microscopy. We ob-
will annihilate, anda is the decay constant. From E®), «  served that the shrinking of an individual open defect with
is expected to be proportional fdy,. The temperature de- time was governed by a linear relation, and the shrinking of
pendence of the viscosity coefficient is describecedy*e™  a closed defect loop with time was governed by a square root
where AE is the energy barrier. The elastic eneifgis ap-  relation. We also developed a technique to study the evolu-
proximately proportional to the pitcP [10], and therefore tion of defects in cholesteric liquid crystals, in which the
the decay constant is given by

—=—25C|

a=aoPe AF/keT, (10) 20
x ——30°C
where g is a constant. / e 3500'
The capacitance vs time is shown in Fig. 6. The experi- _ 4 /, i
mental data are represented by the symbols and the fitting by B / v —v—40C
Eq. (10) is represented by the solid lines. The initial capaci- S /:/ —e—45°C

tanchinma, and the capacitanc@stab.,e at a time long after O 1o . ?ﬁ éi .ZA e 5pC]
the field was turned off were experimentally measured. The 2. A /.
+ /

fitting parameters wer€’ and a. They were manually ad- 3 i?:éf —x— 55C
justed to obtain the minimurg? error. The fitting was fairly 57 == —— 60°CT
good. . . : .

At different temperatures, the dielectric constants of the 0.4 0.6 0.8 1.0 1.2
liquid crystal were different, and therefore differedit had Pitch (pm)
to be used. The viscosity coefficient changed with tempera-
ture, and therefore the decay constanwas different at dif- FIG. 8. The decay constant vs pitch at various temperatures.
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capacitance of the liquid crystal cells was monitored as @aamples with various pitches. The results are of importance
function of time. We observed that the capacitance produceih understanding evolution of defects in liquid crystal in gen-
by the defects decreased logarithmically with time. Undereral and useful in eliminating defects in cholesteric devices.
the assumption that the total length of the defect lines in the

ch cell was linearly related to the capacitance of t_he cell, '_[he ACKNOWLEDGMENTS

total length of the defects decreased logarithmically with
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