
Electric-field-induced deformation dynamics of a single nematic disclination

Angela Vella,1 Romuald Intartaglia,1 Christophe Blanc,1 Ivan I. Smalyukh,2 Oleg D. Lavrentovich,2 and Maurizio Nobili1
1GDPC (UMR 5581) CNRS, Université de Montpellier-II, CC026, Place Eugéne Bataillon,

F-34095 Montpellier Cedex 05, France
2Chemical Physics Interdisciplinary Program and Liquid Crystal Institute, Kent State University, Kent, Ohio 44242, USA

sReceived 7 May 2004; revised manuscript received 11 November 2004; published 17 June 2005d

Disclinations in nematic liquid crystals usually adopt a straight shape in order to minimize their elastic
energy. Once created in the course of a nonequilibrium process such as a temperature quench from the isotropic
to the nematic phase, the topologically stable disclinations of half-integer strength either annihilate each other
in pairs of opposite strength or form topologically unstable disclinations of integer strength. In this article, we
demonstrate that the annihilation process can be inhibited and the defects can be deformed by an applied
electric field. We study the disclination lines in the deep uniaxial nematic phase, located at the boundary
between two different types of walls, the so-calledp wall sa planar soliton stabilized by the surface anchoringd
and the Brochard-LégersBLd wall stabilized by the applied electric field. By changing the electric voltage, one
can control the energy of director deformations associated with the two walls and thus control the deformation
and dynamics of the disclination line. At small voltages, the disclinations are straight lines connecting the
opposite plates of the cell, located at the two ends of thep walls. Thep walls tend to shrink. When the voltage
increases aboveEF, the Fréedericksz threshold, the BL walls appear and connect pairs of disclinations along a
path complementary to thep wall. At E.2EF, the BL walls store sufficient energy to prevent shrinking of the
p walls. Reconstruction of the three-dimensional director configuration using a fluorescent confocal polarizing
microscopy demonstrates that the disclinations are strongly bent in the region between thep and the BL walls.
The distortions and the related dynamics are associated with the transformation of the BL wall into two surface
disclination lines; we characterize it experimentally as a function of the applied electric field, the cell thickness,
and the sample temperature. A simple model captures the essential details of the experimental data.
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I. INTRODUCTION

The nematic phase of liquid crystals is characterized by a
uniaxial orientational order. The nematic order is associated
with a unit directorn̂=−n̂ representing the average direction
of the elongated liquid crystal molecules. This orientational
order can be broken locally on a point or along a line, gen-
erating a singularity for the director field. In analogy with the
dislocations in a crystal, nematic line defects are nameddis-
clinations. The disclinations are topological objects and are
often classified according to their strength which can be in-
teger or half integerf1,2g. The half-integer disclinations are
truly topologically stable objects that cannot be transformed
into a uniform state by any smooth transformation of the
associated director field; however, they all belong to the
same topological class and can be transformed into each
other at least when the sample boundary do not create any
obstacles for such transformation. Integer strength lines are
not topologically stable and relax into nonsingular configu-
rations f3,4g. The disclinations carry the energy of elastic
director distortions outside the singular core and a special
energy associated with the singular core itself at which the
order parameter is different from the regular nematic one.
Such defects can be easily obtained in a thermotropic liquid
crystal by a rapid quench from the high symmetry isotropic
phase to the lower symmetry nematic phase or by a pressure
jump f5g. Alternative routes to create disclinations are the
use of particular frustrated geometriesf6,7g or the applica-
tion of external fields in a process namedpincement. In this

process, a Brochard-LégersBLd wall f8,9g is converted into
two opposite sign disclinations when the destabilizing elec-
tric field is larger than a critical valueEC<2EF swhereEF is
the Fréedericksz thresholdd f10g. By increasing the destabi-
lizing electric field amplitude, the elastic energy cost of the
BL wall increases. Two disclinations appear when the BL
wall energy reaches the nucleation energy of the disclina-
tions pair. The BL-wall–disclination conversion dynamics
has been recently measured in a free standing nematic film
submitted to an electric fieldf11g.

The disclination dynamics has also been studied in frus-
trated geometries. In one of these geometries disclinations
are induced by antagonistic boundary conditionsf12g and are
moved under the effect of an electric fieldf6g. In another
geometry disclination pairs are nucleated by a rapid quench
from the isotropic phase in a strongly confined geometry of a
few micrometers thickness. The annihilation dynamics is
driven by the anchoring energy on the confinement substrates
f7g. In both these systems, straight defect lines are induced
by the particular chosen geometries and the boundary condi-
tions.

The energy of a straight disclination is proportional to its
length f3g. The energy of a curved line, in first approxima-
tion, is also proportional to its lengthf4g. A curved line thus
has a tendency to straighten, in order to decrease its length.
This tendency can be described in the terms of a line tension,
which is the ratio of the variation of elastic energy to the
variation in lengthf4g. Under certain conditions, line defects
in the nematic bulk deviate from the straight line and de-
velop a zigzag shape. This instability is induced by the an-
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isotropy of the nematic elasticity. The increased total discli-
nation length is over-compensated by the energy decrease
due to the conversion of the high energy splay-bend defor-
mation into the lower energy twistf13–15g.

As far as we know, the deformation dynamics of an iso-
lated disclination remains largely unexplored. The aim of this
paper is to describe the deformation dynamics of a single
disclination under an external electric field.

Straight disclinations orthogonal to the cell parallel plates
are formed by a rapid quench from the isotropic phase. The
nematic director in the cell is uniformly oriented along the
parallel planar easy axes of the two substrates. The elastic
energy excess, due to the presence of the disclinations, and
the related excess of anchoring energy on the confinement
substrates force the line defects to annihilate by pairsf7g. If
a destabilizing electric field parallel to the disclinations is
applied, the dynamics of annihilation is strongly modified. At
electric fieldsE larger than the Frederiks thresholdEF, seg-
ments of BL walls appear and connect disclinations of oppo-
site signs. The annihilation is more and more dampened for
increasing fields and even stops at a critical fieldEC<2EF
for which the two defects are immobilized. In the explored
field rangeE<EC, two different dynamical regimes are ob-
served.

At temperaturesT close to the isotropic-nematic transition
temperatureTNI sDT=TNI−T,2 °Cd, the line defect is only
weakly deformed by the electric field. It moves as a whole
by remaining almost straight and orthogonal to the sub-
strates. In this regime, the line displacement is controlled by
the surface energy change, and displays a complex dynamics.
The study of such a regime will be published in a forthcom-
ing paper.

In the second regime, at lower temperature, the line re-
mains pinned with its two ends on each substrates. The dy-
namics does not imply surface changes but only bulk defor-
mation. Under the electric field, the line bends. In this paper
we measure the bending profile and the related dynamics as
a function of the electric field amplitude, the sample thick-
ness, and the temperature. A simple elastic model is proposed
which is in a good agreement with the experimental results.

The paper is organized as follows. Section II is devoted to
the experimental setup and general observations. Section III
details the quantitative study of the half-integer disclination
bending dynamic. In Sec. IV we present an elastic model
explaining the experimental results. Finally the conclusions
are drawn in Sec. V.

II. EXPERIMENT

A. Experimental setup

A 5CB s4-cyano-4-n-pentylbiphenyl from Synthond film
is sandwiched between two parallel glass plates covered by a
thin s50 nmd indium tin oxide sITOd conductive coating.
Each glass plate is covered by a 150 Å thick SiO layer
evaporated at a 60° incident angle in order to obtain a homo-
geneous planar anchoring. The glass plates are then as-
sembled with parallel easy axes. The cell thicknessd is fixed
by means of Mylar spacers in the range 3–50mm, and mea-
sured before filling by using a spectrophotometer. A 10%

relative thickness variation is measured on the whole cell.
Samples are observed under a polarizing microscope. The

temperature is controlled by an ovensINSTEC STC200Dd
saccuracy of 0.1 °Cd. The difference in temperatureDT
=TNI−T sT is the sample temperature andTNI=35.3 °C is
the 5CB clearing temperatured is tuned between 2 and 7.3 °C
during our experiments. An ac electric field perpendicular to
the plates can be applied to the sample. To avoid electrohy-
drodynamic instabilities, the ac generator operates at a fre-
quency of 10 kHz. This frequency is two orders of magni-
tude larger than the 5CB dielectric relaxation frequencyf16g.
The microscope is equipped with a fast charge-coupled de-
vice sCCDd camerasPulnix TM-6703d and a PC frame grab-
ber. The acquisition system is able to store up to 100
frames/s.

The optical measurements have been completed by obser-
vations under a fluorescent confocal polarizing microscope
sFCPMd f17,18g. This technique allows one to determine the
director orientation along the depth of the cell. The large
birefringence of 5CB decreases the FCPM resolution pre-
venting any quantitative measurement of the director field.
To obtain a better resolution, we have replaced 5CB with
MLC6815 spurchased from EM Industriesd which has small
birefringenceDn<0.05, positive dielectric anisotropy like
5CB, and clearing pointTNI=67 °C. For the FCPM observa-
tions, the material is doped with a very small amounts0.01
wt %d of fluorescent dye 5-decyl-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene-3-propionic acid sC10-
BODIPY500/510C3, purchased from Molecular Probesd. To
minimize spherical aberrations in FCPM studies with an im-
mersion oil objective, we used glass substrates of thickness
0.15 mm with a refractive index 1.52. The FCPM set up was
assembled on the basis of an Olympus Fluoview BX-50
reflective-mode confocal microscope. The Ar lasers488 nm,
beam power,1mWd was used for excitation. The fluores-
cent light was detected by a photomultiplier tube in the spec-
tral region 510–550 nm as selected by interference filters in
the detection channel. We used an immersion oil objective
603 snumerical aperture 1.4d which allowed for the FCPM
studies with resolution<1 mm in radial as well as axial
directions. The very same polarizing element determines the

linear polarization directionP̂ of both the excitation beam
and the detected fluorescent light. The FCPM signal results
from a sequence of absorption and emission. It strongly de-
pends on the angled between the transition dipolesparallel
to the local director in our systemd and the linear polarizer. In
the case of circular polarization,d corresponds to the angle
between the plane of observationssthe plane normal to the
optical axis of the microscoped and the director. In both
cases, the fluorescence signal is proportional to cos4 d, as
both as absorption and emission follow the dependency
,cos2d f18g. For linear polarization, the maximum fluores-

cence signal is whenn̂ i P̂ and minimum whenn̂' P̂. For
circular polarization, the strongest fluorescent signal is ob-
tained when the director is in the plane of observation, and
minimum when it is along the optical axis of microscope
salong the cell normald. The FCPM intensity patterns in lin-
ear and circular polarization were used to map the three-
dimensional director structures.
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B. General observations

The sample in the nematic phase is aligned along the two
parallel easy axes at the chosen temperatureT=TNI−DT. A
short pulse of hot air is injected into the oven, which in-
creases the sample temperature aboveTNI. The sample be-
comes isotropic but after a few seconds the temperature de-
creases and droplets of nematic phase nucleate and grow
sFig. 1d. Depending on the director orientation on the surface
of neighboring droplets, disclinations may appear when
droplets coalesce. Figure 2 shows a top view of ah−1/2,
+1/2j disclination pair. Two superposed surface walls are
also created between them during this process. Note that
these walls are not necessarily straight. The disclinations are
situated at the ends of the surface walls and appear as points
in a top viewsthey are parallel to the light path and orthogo-
nal to the two surfacesd. This orientation is induced by the
confinement and the strong planar anchoring conditions.
Each surface wall corresponds to a continuousp-rotation of
the director on the surface as proved by the presence of two
bright fringes under crossed polarizers in Fig. 2. As the di-
rector turns byp, between two equivalent states, these walls
are topologically stable, as long as the in-plane surface an-
choring remains nonzero; they represent what are called the
planar solitonsf19g or thep walls. The annihilation dynam-
ics of pair of opposite sign disclinations is driven by the
elastic energy excess associated with thesep walls f7g.

If an electric field parallel to the disclinations is applied
before their annihilation, their dynamics is strongly affected.
Above the Fréedericksz thresholdEF, a splay-bend director

distortion develops in the cell. Due to the quadratic dielectric
coupling sE ·n̂d2, the equilibrium distorted state is twofold
degenerate. Domains characterized by one of the two equi-
librium textures appear. Two adjacent domains are separated
by a bulk distortion wall called a Brochard-Léger wallf8,9g.
In the presence of disclination pairs, segments of BL wall
connect defects of opposite chargessee Fig. 3sbdg. In the case
of an isolated pair, a mixed loop made by a BL wall and ap
wall frequently formsfFig. 3sddg.

The annihilation process is inhibited for a critical field
EC sEC<2EFd. Figure 4 shows the defect behavior whenE
,EC: the p wall retracts in favor of the BL wallf11,20g.
During the relaxation, the defect lines remain almost straight
and orthogonal to the substrates, which is similar to the re-
laxation without electric fieldf7g. After the defect annihila-
tion, in the case of a single mixed loop, this latter is trans-
formed into a regular BL wallf8,9g fsee Fig. 4sddg, which
finally relaxes.

FIG. 1. Nucleation of the nematic phase of 5CB after a quench
from the isotropic phase into a cell with planar anchoring and for-
mation of disclinations connected byp walls ssee textd. Thickness
of the cell 11mm. Bar 40mm. T=33.5 °C.

FIG. 2. Annihilation of a pair of ±1/2 disclinations under
crossed polarizersselectric field offd. The disclinations are situated
on the end tips of the topological wallsthe two bright fringesd,
whose formation is shown in Fig. 1. Each end tip represents the
projection of a line defect orthogonal to the substrates. Cell thick-
ness is 11mm. Bar 40mm. T=33.5°C.

FIG. 3. +1/2,−1/2line defect pairs are connected by ap wall
without electric field sad–scd. Above the Fréedericksz transition,
Brochard-Léger walls appear between different pairssbd or connect
defects of the same pair, thus forming a mixed loopsdd. Cell thick-
ness is 11mm. Bar 40mm. T=33.5 °C. Polarizers slightly
uncrossed.
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At high field sE.ECd and at high temperaturesDT
,2 °Cd, the defect velocity is reversed with respect to the
low field case: the BL wall is now converted to ap wall
f10,11g as shown in Fig. 5. The final state after the defect
annihilation consists in two surfacep loops, one on each
surfacefFig. 5sddg. Differently from a BL loop, these loops
do not disappear after the electric field is switched off. In the
two regimes presented so farslow field or high temperatured,
the two defect ends move with respect to the substrates and
the elastic driving force depends on the anchoring energy.

At low temperaturesDT.2 °Cd a different type of dy-
namics is observed. A regionb appears between thep and
the BL walls as shown in Fig. 6. Thisb region corresponds
to a strong deformation of the initially straight disclination
ssee Figs. 7 and 8d. The BL wall length decreases in favor of
the b region, keeping unchanged thep wall length.

The rest of the paper is dedicated to the study of the single
disclination deformationsregionbd and its dynamical behav-
ior. In particular, the line is first bent with an electric field
larger than the critical one. Then, the bendingspositive ve-
locityd and the unbendingsnegative velocityd dynamic are
measured as function of the field. Because segments of BL
walls move very easily and BL loops shrink rapidlysthey
involve only bulk deformationd, the quantitative study of the
dynamics of a ±1/2 disclination along a BL wall is usually
affected by the lateral motion of the wall. We therefore ob-

serve its motion along very large mixed loopssmean radius
R@100 mmd. The almost straight BL wallsssee Fig. 6d are
indeed motionless compared to the typical disclinations dy-
namics. The digitized images of the motion are then analyzed
with a home-made program in order to obtain the position of
the defect along the wall as a function of time.

FIG. 4. Annihilation of a pair of ±1/2 disclinations in the pres-
ence of an electric fieldE=0.2 V mm−1. Bar 40mm. Thickness of
sample 11mm. DT<3 °C.

FIG. 5. Annihilation of a pair of ±1/2 disclinations in a mixed
loop for large electric fieldssE.ECd and high temperaturesDT
,2 °C. The BL wall disappears and two stablep loops are formed
at the endsone on each surfaced. Bar 40mm. Thickness of sample
11 mm. DT<1 °C.

FIG. 6. Appearance of a regionb between thep wall and the
BL wall for electric fields larger thanEC. This region increases at
the expense of the BL wall. Cell thickness is 11mm. Bar 40mm.
DT=3 °C.

FIG. 7. Characterization of a +1/2 disclination bending behav-
ior under electric field by FCPM. The surface easy axes are parallel
to they axis.sad xy scan in the planez=d/2 smiddle of the celld. We

used linear polarizationP̂ parallel to theŷ axis. The regionb be-
tween thep and BL walls is the disclination bending region.sbd xz
scan in the plane containing thep and BL walls. The polarization is
the same as insad. C is the inversion point of the bending deforma-
tion of the disclination.scd xz scan in the same region assbd with
circular polarization. The bar in each picture is 5mm. T=25 °C.

VELLA et al. PHYSICAL REVIEW E 71, 061705s2005d

061705-4



III. HALF-INTEGER DISCLINATION BENDING UNDER
AN EXTERNAL ELECTRIC FIELD

Figure 7 shows a typical behavior of +1/2 disclination
under an external electric field measured by FCPM. To char-
acterize this region by the FCPM technique, we freeze this
texturesonce obtained atE.ECd by decreasing the field to
E=EC. Figure 7sad shows anxy scan. The polarization of the
probing light has been chosen along they axis seasy axisd in
order to increase the contrast between thep and BL walls.
The large fluorescent intensity from the BL wall proves that
the director in this region is oriented in theyz plane with a
strong component along they axis. In contrast, the relatively
low intensity in the region corresponding to thep wall is due
to a director oriented in thexz plane, perpendicular to the
polarizationfsee sketch in Figs. 8sad and 8sbdg. In Fig. 7sad, a
p wall on the left is connected to a BL wall on the right by
a regionb. The regionb lies between the pointsA and C.
Figure 7sbd shows anxz scan in the plane defined by thep
and BL wall centerssx axisd, and by the normal to the cell
sz axisd. The linear polarization of the probing light is the
same as in Fig. 7sad. Thep and BL walls are clearly seen as
separated by a bent disclination line. The line is pinned at the
point A of the upper surface and it is bent into the cell bulk.
The pointC is the apex of the line deformation. The regionb
in Fig. 7sad corresponds then to the bending of the +1/2
disclination. Figure 7scd shows anxz scan obtained with a
circularly polarized excitation beam. The BL wall appears
bright proving that the director at the center of the BL wall is
oriented in the polarization plane. The region corresponding
to the p wall appears almost dark in the middle of the cell

and bright close to the upper surface. On thep wall, the
director in the sample bulk is almost parallel to the electric
field sz axisd, while near the substrates,n̂ remains horizontal
due to the imposed planar anchoring.

The asymmetry of the intensity profile with respect to the
middle of the cell in this region is an experimental artefact.
The polarized beam arriving on the bottom plate from above
is defocused by the propagation in the anisotropic nematic.
Consequently the image of the director field at the bottom
plate is blurred and the fluorescent intensity differs some-
what from the one close to the top plate. Figure 8 shows
three different views of the director field reconstructed from
the FCPM scans in Fig. 7.

When a larger field is appliedsE.ECd, the distortion of
the defect line increasessits ends remain pinned on the sur-
facesd. The length of the regionb can reach very large val-
ues, as large as a few hundred micrometers. The line is par-
allel and very closesa few micrometersd to the upper surface
going from the pointA to the pointB as shown in Fig. 9. It
then bends in the bulk fromB to C and fromC to B8. Finally
the partB8A8 is also parallel and close to the lower surface.

The dynamics of the inversion pointC has been measured
versus the amplitude of the electric field, the cell thickness,
and the sample temperature. The measurements have been
done with the following procedure. We first apply an electric
field E.EC to bend the line defect as in Fig. 9. Once the line
is deformed, we immobilize it by decreasing the electric field
amplitude to the stabilization valueE=EC. A typical working
length of theb region is a few hundred micrometers. The
line inversion pointC dynamics is then measured by tuning

FIG. 8. Different views of the director field reconstructed from
the FCPM scans in Fig. 7.sad Top view corresponding to Fig. 7sad.
sbd Side view in thexz plane containing thep wall, the bent discli-
nation, and the BL wall.scd Side view in theyzplane corresponding
to the bent disclination region. The easy axisse.a.d is along they
axis.

FIG. 9. FCPMxz scan of a stretched disclination. Note that the
defect line remains at a few micrometers from the surfaces in the
AB andA8B8 parts. The bar is 10mm. T=25 °C.

FIG. 10. The velocity of the inversion pointC versus the effec-
tive electric field for different sample temperature:DT= sad 7.3; sbd
4.3; scd 3.6; sdd 3.2; andsed 2.3 °C. The sample thickness is 11mm.
The plain lines are the best fit with Eq.s16d. TNI=35.3 °C.

ELECTRIC-FIELD-INDUCED DEFORMATION DYNAMICS… PHYSICAL REVIEW E 71, 061705s2005d

061705-5



the electric field amplitude aroundEC. Each measurement
begins 1 s after the electric field amplitude change. The mo-
tion is uniform. Figure 10 shows the dependence of theC
velocity v on the effective applied fieldE for different
sample temperatures. Note thatv depends linearly on the
field in the studied range of values. The threshold fieldEC
decreases with increasing temperature whereas the velocity
susceptibility to the electric fielda=dv /dE is almost tem-
perature independent.

In Fig. 11 the critical fieldẼC=EC/EF normalized to the
Fréedericksz fieldEF is plotted versusDT. EC has been ob-
tained from the best fit of the data points in Fig. 10 whereas
EF has been directly measured on the same cell region in
order to minimize the errors due to the cell thickness inho-
mogeneities.

The ratioẼC is found independent of the sample tempera-
ture, which shows that the stabilization field scales as the
Fréedericksz field when the temperature changes. Concern-
ing the dependence on the cell thickness, Fig. 12 shows that

ẼC increases with increasing thickness in the 10–50mm
range.

The velocity susceptibility to the electric fielda is how-

ever almost independent of the thicknessd and the sample
temperature, as shown in Figs. 13 and 14, respectively.

IV. MODEL

In the regime of large disclination deformations presented
in Sec. III, the experimental line profile is similar to the one
shown in Fig. 9. The line is therefore composed of three
main parts: the first oneAB is parallel and very close to the
upper substrate, the second oneBB8 is almost perpendicular
to the surfaces and is weakly bent, and, finally, the third one
B8A8 sbarely visible in Fig. 9d is close and parallel to the
lower surface. Experimentally we observe the partBB8 re-
mains weakly bent during the stretching and unstretching of
the line. To model our system, we assume the partBB8
changes only its location but not its shape and the segments
AB andA8B8 change their length. In this approximation, the
disclination deformation is driven by a conversion of the BL
wall elastic energy into the energy of two parallel disclina-
tions. Applying the virtual work principle, the driving elastic
force on the disclinationFel is given by

FIG. 11. Ẽ=EC/EF as a function ofDT=35.3 °C−T for a cell
thicknessd=11 mm. The points are the experimental data and the

line is the averageẼ value.

FIG. 12. Ẽ=EC/EF vs the cell thickness atDT=2.3 °C. The
points are the experimental data and the curves represent the ex-
pected theoretical dependencefEq. s14dg with j=3.3 sad and 1.2 nm
sbd.

FIG. 13. Velocity susceptibility to the electric fielda=dv /dE
versus the sample thickness forDT=2.3 °C. The points are the
experimental data; the plain line represents the model prediction
fEq. s18dg for b=1.22.

FIG. 14. Velocity susceptibility to the electric fielda=dv /dE
versusDT=35.3 °C−T for d=11 mm.
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Fel = Ub − UBL, s1d

where Ub and UBL are the elastic energies per unit length
along thex axis of the disclination bent regionb and the BL
wall g, respectively. To computeUBL we have used the one-
elastic-contant approximationsK=K1=K2=K3d. In this ap-
proximation the nematic directorn̂ is in theyz plane defined
by the direction of the electric fieldsẑ axisd and the orienta-
tion of the surface easy axissŷ axisd. We denote byu the
angle formed byn and ŷ. Assuming thatu is small, we
expand it in Fourier series and keep the first termf21g

usy,zd = umsydsinSpz

d
D . s2d

The elastic energy per unit length of the BL wall,F1, is
given at first order by

F1 =E E HK

2
FS ]u

]z
D2

+ S ]u

]y
D2G −

e0ea

2
E2Su2 −

u4

3
DJdz dy,

s3d

wheree0 is the vacuum dielectric permeability andea is the
dielectric anisotropy. In Eq.s3d we have assumedu!1 and
we have consequently developed the dielectric term. In this
limit the equilibrium director orientation is given by

u
m

syd =Î2F1 −S 1

Ẽ
D2GtanhS y

,
D , s4d

whereẼ=E/EF, EF=ÎK /e0easp /dd, and

, =
d

p
Î 2

sẼ2 − 1d
. s5d

By substituting Eq.s4d in Eq. s3d, F1 becomes

F1 =
Kp2

4d

sẼ2 − 1d2

Ẽ2
E

−`

`

1 − 4 tanh2S y

,
D + 2 tanh4S y

,
Ddy.

s6d

The elastic energy excessUBL of the BL wall is obtained by
substracting from the expressions6d the energyF2 of a uni-
form Fréedericksz domainf2g:

F2 = −
Kp2

4d

sẼ2 − 1d2

Ẽ2
E

−`

`

dy. s7d

UBL=F1−F2 is finally written f22g

UBL =
23/2

3
Kp

sẼ2 − 1d3/2

Ẽ2
. s8d

The elastic energy per unit length of the disclination bent
regionUb, is composed of two terms of different origins: the
core energyUc<2K of the two mobile line segmentssAB
and B8A8d and the bulk elastic energy due to the disclina-
tions. To compute the elastic energy of a disclination in pres-
ence of an electric field, we compare the elastic torque per
unit surface associated to an isolated disclinationsGel=K / r,

wherer is the distance from the disclinationd to the dielectric
torquesGE=K /jE, wherejE=sdEFd / spECd is the electric co-
herence lengthd. The termGel prevails in a cylinderC of
radiusjE around the disclination, whileGE governs the di-
rector behavior outsideC. At the first order, the elastic energy
is the sum of the defect elastic energyU1 insideC in absence
of a field f2g and the dielectric energyU2 outsideC for a
director parallel to the electric field. We obtainU1 by inte-
grating the elastic energy associated to a disclination on a
cylinder of radiusjE:

U1 =
K

2
p ln

jE

j
, s9d

where the cutoff lengthj is the nematic-isotropic coherence
length f23,24g. To obtain the expressions9d, we have ne-
glected the anchoring contribution to the disclination elastic
energyf24,25g. The second termU2 is written

U2 = −
E2e0ea

2
E

−jE

jE E
jE

d−jE

sin2u dy dz. s10d

In the limit jE!d and by considering a saturated director
texture withn̂ parallel to the electric fieldsu=p /2d, we ob-
tain

U2 = − KpẼ. s11d

The sum of the three contributionsUc,U1,U2, gives the total
energy per unit length:

Ub = KpS1

2
ln

d

pẼj
+

2

p
− ẼD . s12d

The resulting driving elastic forcefEq. s1dg is

Fel = Ub − UBL = −
23/2

3
Kp

sẼ2 − 1d3/2

Ẽ2

+ KpS1

2
ln

d

pẼj
+

2

p
− ẼD . s13d

Let us now compare the experimental data to the model
predictions. The value of the stabilization fieldEC is given
by the implicit equationUBL=Ub

d = jpẼC expF2SẼC −
2

p
+

23/2

3

sẼC
2 − 1d3/2

ẼC
2 DG . s14d

Contrary toEc ssee Fig. 10d, ẼC should be almost constant
with the temperature becausej displays only a very slight
temperature dependence. This prediction agrees with the ex-
perimental results shown in Fig. 11. Moreover the depen-

dence ofẼC on the cell thickness shown in Fig. 12 is well
reproduced by the model withj=2.2±1.1 nm, which is in
good agreement with the literature valuesf23g.

Concerning the dynamics, the driving elastic force is bal-
anced by a viscous forceFv mainly due to the director reori-
entation in the cylinderC around the straightBB8 part. In this
limit, by using the notation of Cladiset al. f6g, the viscous
force acting on the line is written
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Fv = 2bv dz, s15d

where z=g1−a2
2/ f2shb−g2dg f6g is an effective viscosity

which takes into account in an empiric way the backflow
effects. The parametersg1, a2, hb, andg2 are related to the
Leslie coefficients. The numberb of order unity depends on
the details of the energy dissipation in the cylinderC. At the
first order, we expect that the effect of the experimentally
observed weak bending of the partBB8 just renormalizes the
drag forces15d or the empiric effective viscosityz. We then
obtain the velocity

v =
Kp

2bzdS23/2

3

sẼ2 − 1d3/2

Ẽ2
−

1

2
ln

d

pjẼ
−

2

p
+ ẼD . s16d

Numerical calculations show thatv is almost linear insẼ
−ẼCd in the range of our measurementsẼ=1–4. A Taylor

expansion of Eq.s16d aroundẼ=ẼC gives

v = aEFsẼ − ẼCd, s17d

with a velocity susceptibility to the electric fielda given by

a = U ]v
]E
U

E=EC

=
Kp

2bzVF
F23/2

3

sẼC
2 − 1d1/2sẼC

2 + 2d

ẼC
3

+
1

2ẼC

+ 1G , s18d

whereVF=EFd.
Let us compare now the measured values of the suscepti-

bilities a with the expressions18d. The valuea sFig. 13d
does not depend on the cell thickness as expected from Eq.
s18d. Using the known 5CB material parametersK f26g, ea
f27g, andz f28g, we have obtainedb=1.22splain line in Fig.
13d. The coefficientb depends slightly on temperature. From
the temperature dependence ofa sFig. 14d, we have found
0.8,b,1.2 in the explored temperature range.b remains of
the order of the unity which means that our model captures
the main properties of the disclination dynamics. We can
conclude that our model is in a good agreement with the
experimentally measured electric field induced deformation
dynamics of a nematic disclination.

V. CONCLUSIONS

We have studied the deformation dynamics of a single
1/2 nematic disclination under an external electric field. Dis-
clinations pair of opposite strength are obtained by a rapid

quench from the isotropic phase into the nematic phase. The
nematic phase is confined in a cell with uniform director
oriented along the two parallel planar easy axes of the sub-
strates. In each pair, disclinations straight and orthogonal to
the substrates are connected by a costly anchoring surface
wall. The pair annihilation is induced by the anchoring en-
ergy excess stored in this surface wall. Before the disclina-
tion disappearance, a disorienting electric field is applied.
Above the Fréedericksz transition, domains appear corre-
sponding to one of the twofold degenerate textures separated
by a bulk Brochar-Léger wall. Segments of the Brochard-
Léger wall systematically connect the disclinations. By in-
creasing the electric field amplitude, the annihilation dynam-
ics is dampened. At a critical fieldEC<2EF, the disclinations
are immobilized: the anchoring dominated annihilation force
on each disclination is now counterbalanced by a generalized
elastic force due to the electric-field-induced director texture.
Depending on the sample temperature and on the electric
field amplitude different behaviors are measured.

At low temperaturesDT.2 °Cd and under an electric
field amplitude close toEC, the disclination is strongly
pinned on each substrate. IfE.EC the line defect bends. The
bending profile is characterized by two parts, parallel and
close to the substrates, connected with a third part bent in the
bulk. This bent disclination region growths at the expense of
the Brochard-Léger wall, in a process corresponding to a
conversion of the Brochard-Léger wall into the two parts of
the disclination parallel to the substrate. This behavior is
reminiscent of the field-induced disclination nucleation in the
pincementphenomenon. The field values where it appears
compare well with the ones measured forpincement.

The line deformation dynamics is measured for electric
field close toEC. This dynamics is obtained from the mea-
surement of the position of the line bending inversion point.
The inversion point velocity has been measured as function
of the electric field amplitude, cell thickness and sample tem-
perature. An elastic model has been elaborated that accounts
for the experimental results.

In the future, the electric-field-induced disclination behav-
ior will be extended to the high temperature regime. Experi-
ments currently in progress show that, in this temperature
range, disclinations are weakly pinned on the substrates and
the resulting dynamics is much more complex.

In conclusion, we show that a line pinned on the two
confinement substrates can be deformed in a controlled way
by an external electric field. These results open further pos-
sibilities to the manipulation of individual topological de-
fects in a nematic liquid crystal.
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