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Breakdown of Dynamic Scaling of Disclination Loop Decay Biased
by Electrohydrodynamic Convection in a Nematic Liquid Crystal
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Electrohydrodynamic convection in the nematic liquid crystal MBBA in the presence of a competing
magnetic field produces disclination loops in the two dynamic scattering states DSM 1 and DSM 2.
The convection and magnetic field bias this initial state so that the subsequent decay of the disclination
loops does not obey dynamic scaling. We experimentally confirm this breakdown of dynamic
scaling. [S0031-9007(97)04577-8]

PACS numbers: 61.30.Gd, 47.65.+a, 61.30.Jf, 64.60.Ht

Systems quenched from a disordered to an ordered statgth the convecting flow field acting as the bias field.
often evolve patterns of some characteristic size as theYhese disclination loops, which are topological defects
return to equilibrium. The challenge is to describe thewhose circumference is a disclination line that separates
temporal evolution of these patterns, which can often beegions of opposite twist, do not obey dynamic scaling
described by a scaling relation. The best known exas they decay, in contrast to loops formed by pressure or
ample of such a transition is phase separation in binarfemperature quenches from the isotropic to the nematic
mixtures undergoing spinodal decomposition in which dophase.
mains grow with a power law dependence. In this example These disclination loops appear as roughly circularly
the system has discrete symmetry and a conserved ordshaped regions whose circumference, the disclination line,
parameter. More recently, attention has focused on sysppears dark. Nematic disclination loops belong to the
tems with continuous symmetry and nonconserved ordeanniversality class of a nonconserved Ising system [7]
parameters in which line defects (strings or disclinationswith the closed disclination line acting similarly to a do-
form as a result of the quench. Such systems have beenain wall separating two regions of magnetic orientation.
studied theoretically [1—4], numerically [5], and with com- The recent nonbiased quench experiments and simulations
puter simulations [6] which predict that the defect densityshow that the decay of the length of the disclination lines
scales as ™%, where the exponent depends on details ofthe circumference of all the loops) is described by a power
the order parameter and the spatial dimensionality. Exkaw with an exponent oﬁ for a three-dimensional system.
perimental realizations include liquid crystals undergoing In our experiment, the nematic liquid crystal MBBA
a pressure quench [7—10] from the isotropic to nemati¢4'-methoxybenzylidene-4-butylaniline) is sandwiched
phase and coarsening of domains in twisted nematic filmbetween two transparent conducting electrodes with a
[11,12] under temperature quenches in which defect derspacing of 135um. The temperature of the sample is
sity exhibits the predicted dynamic scaling. controlled at27 = 0.1 °C. The cutoff frequency for this

Recent theoretical work [13] and computer simulationssample is approximately 300 Hz, and we work at 50 Hz to
[14] have considered the evolution of defects resultingemain in the conduction regime and to avoid dc effects.
from a quench in which the disordered state is biased The sample is aligned by a magnetic field which pro-
by some field which favors a particular state in thevides a bulk aligning force in contrast to surface align-
ordered phase. The bias causes the system’s evolutianent techniques in which the order penetrates into the bulk.
to no longer be described by a simple power law. TheThe magnetic field is applied in the plane of the sample so
length of the defects is instead predicted to behave athat the magnetic field is perpendicular to the electric field
1(t) ~ (1)~ % exd —y(r)°], where the exponent depends (Fig. 1). The magnetic field, through the sample’s positive
on the nature of the order parameter ahdlepends on diamagnetic anisotropy, attempts to align the nematic di-
the spatial dimensionality. The decay constanis a rector in the plane of the sample along the magnetic field
nontrivial function of the bias field such that power law direction in competition with the electric field which in-
behavior is recovered when the bias is removed. Arduces alignment along the electric field direction through
experiment [15] involving the relaxation of biased twist the Carr-Helfrich mechanism [17]. The sample is viewed
regions in nematic liquid crystals showed agreement wittalong the electric field direction using a long working dis-
the functional form of the above equation but no valuegance microscope and a CCD camera.
for exponents were reported. It is important to note that the magnetic field, which at

In this Letter, we report on an experimental study ofits simplest level simply aligns the director, also produces
the decay of disclination loops formed by a nematic liquidsome unexpected results which we have reported else-
crystal undergoing electrohydrodynamic convection [16jwhere, including traveling waves [18] and the formation
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FIG. 1. Experimental arrangement.

of a surface bend-splay wall at both electrodes [19]. Thisligned along the magnetic field direction. Figure 2 shows
latter result is important to this investigation as this sur-the disclination loops; of a second after removal of the
face wall, once formed, persists indefinitely. The sampleglectric field. The left hand side of the figure shows the
discussed in this Letter all have this surface state duringhore dense loops formed from DSM 2 while the right hand
the experiments, even with the magnetic field removedside shows loops formed from DSM 1. The magnetic field
The effects on samples without the surface wall areof 0.8 T remained on during the decay. In addition to the
ongoing. obvious density differences shown in Fig. 2, the disclina-
As the applied voltage increases, the liquid crystal untion loops spawned from DSM 2 take a significantly longer
dergoes a series of pattern forming transitions including @me to decay than DSM 1 produced loops (Fig. 3).
transition to a turbulent state known as dynamic scatter- This data is obtained by measuring the transmitted in-
ing mode 1 (DSM 1) [20] while further increase in volt- tensity in each;—o of a second video frame. We correlate
age leads to a transition to another turbulent state DSM 2an increased transmitted intensity with decreased circum-
[21]. It is in these DSM states that significant numbersference of disclination loops. We make this correlation in
of disclination loops are generated. With our magnetiche following way: First, the disclination loops show up as
field applied, the anisotropy between DSM 1 and 2 is rewell defined shapes with a dark circumference. The cir-
moved [19] and the only difference between the two statesumference appears dark as the disclination line strongly
is that DSM 2 scatters more light than the DSM 1 statebackscatters light (i.e., it appears bright in reflected light).
because it consists of a denser jumble of disclination loop$he amount of transmitted light is then decreased due to
[22]. These disclination loops are somewhat difficult tothe presence of this dark loop and the decrease is propor-
observe during convection but are easily studied by turntional to the circumference of the loop. We first measure
ing the electric field off. Removal of the electric field re- the transmitted intensity, in the absence of any defects
veals disclination loops while no other topological defectsor convection. Under convection the transmitted light is
such as free strings are observed, indicating that we amreatly reduced to some valués). The electric field is
in a strongly biased regime [14]. These disclinations therthen turned off and the transmitted intensity grows, as the
shrink away, leaving a homogeneous state with the directatisclination loops shrink td,. We then takel, — I(¢)
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DSM 1 (right) % of a second after removal of the electric field. 12
The two states are shown together to contrast loop density.
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as proportional to the total length of all the disclination
loopsinview. This method underestimates the disclination
length by not counting regions where the three dimensional
disclination loops appear to cross in our two dimensional
view. We count these crossings at the earliest times, when
the effect is at its maximum, and estimate that the error is
of the order of 0.1% for DSM 2 and much smaller for the ]
less dense DSM 1 state. Because of the large number of 27
pixels in the image 10*), the stability of the light source
and the relatively small camera noise, the random error
bars are smaller than the data points.
The disclination loops appear to be confined to two Time (s)

dimensional layers near the surfaces, which helps explaigig, 3. Decay of the total length of disclination loops in
the small number of apparent crossings we observe. Thig 0.8 T magnetic field after removal of the electric field:
localization is expected both because loops are mor&) DSM 1 at 60 and 70 V and (b) DSM 2 at 100 and 104 V.

easily formed at surfaces due to energy consideration-E,he(-?)’mt_’tohlsd)""fr_e tge ?g’fg pogs’tai‘%tpe ?O)Hd ”(;‘56 if ;hgoﬁt to
: g. (1) with ¢ fixed at 0.5 ands at 1.5 for (a) ands at 3.
[23] and because loops will be convected to the surface 04 V) and 3.95 (100 V) for (b).

by the flow cells.

The formation and decay of disclination loops repre-is expected to have a limited role in the dynamics as its
sents a biased quench in which two length scales are inprimary role is in setting up the initial conditions [5].
portant; the average loop size, which decays slowly in with a magnetic field of 0.8 T applied, decay of
time, and the interloop separation, which decays expodisclination loops from neither DSM 1 nor DSM 2 can
nentially fast [14]. The resulting breakdown of dynamic be fit by a simple power law with any exponent. We fit
scaling is predicted by Toyoki and Honda [13] in which Eq. (1) to our decay data (Fig. 3). For the DSM 1 state,
the defect string length(z) decays as a good fit is achieved by fixing the exponeht= 0.5 and

L (arb. units) x 10°
(=
1

T T L L e e e
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1) ~ (+ + a) ®exd—v(r + a)°]. 1 6 = 1.5. Fixing 6 = 1 results in a statistically worse fit,
@~ @) =7 @)’ @ the sum of squared deviations is over twice as large as
The exponen® = d/2, whered is the spatial dimen- whens = 1.5.
sionality. The time exponenp is expected to be; for The decay from the DSM 2 state cannot be well fit

nematic disclination loops which belong to the universal-with both exponents fixed at the expected values. Holding
ity class of nonconserved Ising systems. Théerm re- ¢ = 0.5, while letting § increase to approximately 4, re-
sults from the finite length of defects in the initial state.sults in good fits as seenin Fig. 3(b). In order to determine
The degree of bias is introduced through théerm. the actual values of the exponents we allow all of the pa-
The theory and simulations assume that the source aameters to vary and give the results in Table | along with
the bias is removed as soon as the system starts relaxinpe correlated 95% confidence limits. Clearly, the uncer-
Of our two sources of bias, the magnetic field and flowtainty range is sufficiently large that the actual values of the
induced shear, only the latter is removed when the electriexponents cannot be determined. Table | does confirm our
field is turned off. The continued presence of a bias fieldpreviously stated result, namely, that while the decay from
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TABLE I. Fitting results of expression (1) to decay of disclination loops. Uncertainties are 95% confidence limits. The coefficient
of determination gives the fraction of the total variance accounted for by the model.
Applied
voltage a y Coefficient of
V) State 6) 10 (s é determination
60 DSM 1 0.02 = 0.08 0.15 = 0.5 68 =1 1.3 =04 99.96%
70 DSM 1 0.06 = 0.4 05=*5 79 =8 1.3 x4 99.91%
98 DSM 2 0.12 = 0.07 0.6 +0.2 29 + 0.8 4=+1 99.96%
100 DSM 2 0.08 = 0.01 0.40 + 0.06 29 =03 35+ 04 99.98%
104 DSM 2 0.12 = 0.08 0.6 +0.2 1.8 0.7 4+1 99.90%

the DSM 1 state is well described by the Toyoki and Honda [6] M. Mondello and N. Goldenfeld, Phys. Rev. #2, 5865
expression with the expected exponents the DSM 2 state  (1990).

is fit by the same equation but requires significantly larger [7] I. Chuang, B. Yurke, and A.N. Pargellis, Phys. RewE
values ofs. (Fixing the exponents at the values shown in 3343 (1993). _ _

Fig. 3 decreases the coefficient of determination by 0.01%[8] B. Yurke, A.N. Pargeliis, and I. Chuang, Physica (Ams-
from the best fit values.) terdam)1788B, 56 (1992).

The decay of the DSM 2 spawned loops are not well [l |2 4%2%%%’1)'\" Turok, and B. Yurke, Phys. Rev. Lei6,

fit by Eq. (1) with the expected exponents. What make 10] I. Chuang, R. Durrer, N. Turok, and B. Yurke, Science

the loops from DSM 2 different from their DSM 1 coun-

251, 1336 (1991).

terparts? Either these loops are inherently different or the11] H. Orihara and Y. Ishibiashi, J. Phys. Soc. JpB, 2151

interactions between loops, resulting from their increased

(1986).

density, lead to deviations from the theory which ignoreg12] T. Nagaya, H. Orihara, and Y. Ishibiashi, J. Phys. Soc.

interaction events. If the decay is affected by the density

Jpn.56, 3086 (1987).

of loops, the behavior of DSM 2 originated loops should bel13] H. Toyoki and K. Honda, Phys. Rev. &, 385 (1986).
identical to that of the DSM 1 type loops when the densityl14] M. Mondello and Nigel Goldenfeld, Phys. Rev.4s, 657

of DSM 2 loops falls to a sufficiently low level. Figure 3
shows that the disclination loops from DSM 2 are approxi
mately 5 times more turbid than the DSM 1 state. When
the turbidity of the DSM 2 spawned disclination loops falls
to a similar density the resulting decay is also well fit by

Eq. (1) with the expected exponents. This result indicateg ]

that the deviation between theory and experiment is likely
due to interactions between disclination loops which are
not accounted for in the original theory. That the variation

occurs in thed exponent is consistent with this view as this [17]

exponent controls how the interloop separation grows.

In summary, we measured the decay of line defects
formed from electrohydrodynamic convection of a nematic
liquid crystal. We find that the decay does not foIIow[
dynamic scaling but instead is well fit by the Toyoki and
Honda theory when the defect density is sufficiently low.
We also verify that the interactions of defects is important

at high defect density, as exhibited in the DSM 2 state, an¢iL.9]

must be accounted for to accurately describe the decay.
J.P. M. thanks Nigel Goldenfeld for useful correspon-
dence and Martin Zapotocky for helpful conversations.
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